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Abstract 

The clam shrimp, Eulimnadia texana (Crustacea, Conchostraca), is found in freshwater ephemeral environments 
throughout the United States. Individual clam shrimp of this species are either hermaphroditic or male, a relatively 
rare mating system for animals known as androdioecy. Comparison of sex ratios between four neighboring popu- 
lations of E. texana in Southern New Mexico showed wide variation in the ratio of males to hermaphrodites with 
males making up as much as 42% of some populations and not occurring at all within others. Since little is known 
about the behavior of this species, an ethogram and time budget were prepared based on observations of laboratory 
populations. Males attempt to clasp hermaphrodites prior to mating. Precopulatory mate guarding occurs in this 
species. Outcrossing generally occurs during mate guarding and after the hermaphrodite molts. Hermaphrodites, 
however, seem to control the mating process. Successful mating by males never occurred if the hermaphrodite 
struggled with him; hermaphrodites will self in the presence of males. * 



Introduction 

The clam shrimp, Eulimnadia texana (Crustacea; Con- 
chostraca) is found across North America (Sassaman, 
1989). This species inhabits small ephemeral ponds 
that typically appear due to spring and summer rains. 
The puddles dry up and the eggs remain dormant until 
the puddles reform. Eulimnadia texana is androdioe- 
cious, a rare situation in animals in which a species has 
both male and hermaphroditic individuals (Sassaman 
& Weeks, 1993). Hermaphrodites can self or outcross 
with a male, but they cannot exchange sperm with oth- 
er hermaphrodites (Sassaman & Weeks, 1993). The 
body of the clam shrimp is encased within a translu- 
cent, carapace through which most organs are visible. 
Clam shrimp have numerous pairs of legs which are 
used for feeding. Eulimnadia texana feeds primarily 
on algae though it will eat other types of detritus when 
algae is limited (Medland. 1989). 

Pronounced sexual dimorphism allows easy iden- 
tification of males and hermaphrodites. In the males, 
the first two pairs of thoracic appendages have been 
modified into claspers for grasping the hermaphrodite 
during outcrossing. Absence of such an adaptation pre- 



vents hermaphrodites from outcrossing with one anoth- 
er (Sassaman & Weeks, 1993). The hermaphrodite's 
unfertilized eggs lie in paired ovaries along its diges- 
tive tract and are visible under a microscope. When fer- 
tilization occurs, the eggs move into a brood chamber 
where they are contained in a mucous mass between the 
hermaphrodite's dorsum and the carapace. The eggs 
are visible to the naked eye and aid in sexing the clam 
shrimp- 
Research involving this species has focused primar- 
ily on the genetics and theoretical implications of this 
mating system (see Strenth, 1977; Sassaman, 1989; 
Sassaman & Weeks, 1993; Otto etal, 1993). Sassaman 
& Weeks (1993) have shown that sex determination 
occurs at a single autosomal locus and that individu- 
als are either monogenic hermaphrodites (those which 
produce only hermaphroditic offspring), amphigenic 
hermaphrodites (those which produce both male and 
hermaphroditic offspring), or male. Monogenic indi- 
viduals are homozygous dominant at the autosomal 
locus, amphigenic individuals are heterozygous, and 
males are homozygous recessive (Sassaman & Weeks, 
1993). This system is very similar to the reproductive 
systems of many Notostracans (Sassaman, 1991). Due 
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to the nature of sex determination, populations typi- 
cally consist of many more hermaphrodites than males 
(Sassaman, 1989; pers. obs,). 

Behavioral information on £. texana is largely 
unavailable in the primary literature and would be a 
useful supplement to ongoing evolutionary and genet- 
ic studies which are examining the significance of sex, 
inbreeding and outcrossing. To that end, this contribu- 
tion provides an account of male and hermaphrodite 
behavior in the form of an ethogram, time budget and 
detailed descriptions of mating behavior. 



Methods 

Study populations 

Four populations of E. texana have been identified 
just northeast of the Dona Ana Mountains, 40 km 
NNE of Las Cruces, Dona Ana County, New Mexico. 
These populations are all located within 4 km of one 
another. Three of the populations are located along the 
access road to the New Mexico State University Col- 
lege Ranch, next to South Well. These populations are 
referred to as SWP3, SWP4 and SWP5 (South Well 
puddle populations). Each of these sites consists of a 
distinct depression less than 10 meters in length and 
with a depth no greater than 1 meter at the lowest point. 
SWP5 is almost directly across a dirt road, 35 m from 
SWP3. SWP4 is 130 m west of SWP3 on the same 
side of the road. There is sparse vegetation immediate- 
ly around these puddles predominantly consisting of 
various grass species. There is little to no vegetation 
within the puddles themselves. These sites typically 
fill with water at least once every year as a result of 
summer rainfall and remain filled for three days to sev- 
eral weeks depending upon further water inputs (pers. 
obs,). Other than E. texana, these sites are also occu- 
pied by populations of Scaphiopus couchii tadpoles, 
which hatch well after the clam shrimp mature (and 
thus do not present a severe predation problem) and are 
also used as watering holes by cattle (pers. obs.). 

The fourth population occurs within the playa por- 
tion of the NSF Long-Term Ecological Research site 
on the New Mexico State University College Ranch 
(LTER Playa), approximately 4 km west of the oth- 
er three sites. The playa encompasses a 12-ha basin 
(Creusere & Whitford, 1976). The LTER Playa has 
considerably more vegetation than the SWP popu- 
lations, including Prosopis, Panicum, Amaranthus, 
Hymenoxis, and Helianthxts (MacKay et a/., 1990). h 



The ecology and population dynamics of this site have 
been studied quite extensively (see Creusere & Whit- 
ford, 1976; Medland, 1989; VanVactor, 1989; MacKay 
etal. , 1990 for an overview). This site receives an aver- 
age rainfall of 2 10 mm annually (MacKay etai, 1990). 
The majority of this precipitation (55%) is attribut- 
ed to convectional rainstorms during the late summer 
months (VanVactor, 1989; MacKay et al> 1990). The 
site is relatively level and does not flood as often as the 
SWP populations, typically flooding once every three 
to ten years and remaining flooded for several weeks 
(MacKay etai, 1990). In addition to £ texana, MacK- 
ay et al, (1990), indicate that this site is also inhabited 
by the tadpole shrimp, Triops longicaudatus, and fairy 
shrimp species, Thamnocephalus platyurus and Strep- 
tocephalus texanus (D. Belk indicates that the report of 
5. texanus populations within the LTER Playa is likely 
a misidentification of a mixed population of 5. mackini 
and 5. dorothae). The life cycles of these species all 
overlap (MacKay et al, 1990). Cattle have not been 
allowed within the site since 1972 (MacKay et aL, 
1990). 

General sampling and rearing methods 

Numerous samples of the first 1-2 cm of soil were 
collected from each study site; soil within each site 
was mixed to ensure randomness. Sample popula- 
tions were established in the laboratory by plac- 
ing 250 ml soil samples in plastic mouse cages 
(30 cm x 12 cm x 15 cm) and hydrating them with 
4 liters of aged tap water. The tanks were kept on a 24 
hour light cycle using incandescent bulbs in reflectors 
to maintain summer-like temperatures of approximate* 
ly 30 °C and were supplemented with tadpole food 
pellets until algal growth was initiated. Clam shrimp 
hatched within approximately 24 hours of wetting. 
Tadpole shrimp, Triops longicaudatus, also hatched 
from the same soil samples and were removed from 
the tanks as soon as possible to prevent predation. 

Sex ratio calculations 

Sex ratios were calculated for all four populations. Ten 
tanks were set up from each population (40 tanks total) 
using the methods just oudined. Sex was determined 
for every individual hatching widiin a tank. Sex ratios 
were computed following the procedures outlined in 
Sassaman (1989) as soon as sexual dimorphism was 
apparent (approximately three days after hatching). 
Comparisons of total viable eggs per 250 ml soil sam- 
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pies were made between populations. The number of 
eggs initially contained within samples is unknown. 

Ethogram 

Initial observations of behavior were compiled into 
an ethogram of clam shrimp behavior following the 
guidelines outlined in Martin & Bateson (1993). 

Clam shrimp time budget 

The ITER Play a population was the only population 
used for the remainder of the study due to the availabil- 
ity of information on populadon dynamics for this site 
under field conditions. Individual ITER Playa clam 
shrimp were uniquely marked using a small dot of 
Testers enamel paint. Clam shrimp molt from the inside 
of the carapace so paint marks are not lost with subse- 
quent molts and provide a fairly permanent means of 
identification. Though clam shrimp can be sexed with- 
in three days of hatching, they cannot be marked for 
individual identification until five days after hatching 
when the carapace no longer collapses when paint is 
applied- 
Sample groups were established in the laborato- 
ry and housed in plastic mouse cages. The bottoms 
of the cages were lined widi 1 cm of 'clean' sand 
(!.£., sand free from Branchiopod eggs).. Groups were 
composed of seven hermaphrodites and three males 
to reflect natural population sex ratios (see Results). 
The tanks were monitored using instantaneous scan 
sampling techniques as described by Airman n (1974). 
During each scan, the behavior of each clam shrimp 
was recorded during that moment in time. The order in 
which the clam shrimp were scanned was determined 
haphazardly based upon the order in which individuals 
came into view. Each tank was scanned six times a day 
at one hour intervals until less than half of the indi- 
viduals (4 clam shrimp) remained within the sample 
population. Clam shrimp that died within the first two 
days of scanning were replaced with clam shrimp of 
the same sex and hatch date. Three control tanks were 
set up with the same sex ratios as the sample tanks but 
with minimal handling of the clam shrimp and no paint 
marking to determine whether handling and marking 
techniques had an adverse effect on life span. 

Mating behavior 

Other behavioral observations of K texana were con- 
ducted using the focal animal technique outlined 
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Tabic 1. Sex ratios and number of viable eggs hatching 
within four populations of an antlrodioccious clam shrimp 
Bulimnadia Htxana from 250 ml soil samples. 



Population #of x±s.d, Total # of Percentages 
tanks clam shrimp ind, hatched herm.: males 



LTER 


10 


I7±7.2 


170 


70:30 


SWP3 


10 


37±8.3 


374 


100:0 


SWP4 


10 


34±5.0 


342 


60:40 


SWP5 


10 


30±7,6 


32S 


58:42 



by Altmann (1974). Groups consisting of either a 
male and a non-gravid hermaphrodite, two males 
and a non-gravid hermaphrodite, or two non-gravid 
hermaphrodites and a male, were collected from rear- 
ing tanks and isolated in aplastic 'dixie' cup containing 
125 ml of aged tap water. Pairs were observed using 
focal animal observation techniques for two hours and 
all interactions were recorded. If the two hour obser- 
vation was complete and either outcrossing or selfing 
appeared to be eminent, the observation was extended 
to include observation of egg fertilization. No obser- 
vation ever lasted longer than 2 hours and 25 minutes. 
Each focal animal was only used once. 

Analysis 

Data are presented as means (±sd). For statistical pro- 
cedures, an a level <0.05 is considered significant 
throughout this study. 

Results 

Sex ratios 

The sex ratios for the four populations are presented in 
Table 1. In SWP4, SWP5, and the LTER population, 
sex ratios were skewed in favor of hermaphrodites. 
No males were ever found in the SWP3 population. 
Table 1 also provides the average number of clam 
shrimp hatching from a 250 ml soil sample for each 
population. There is no significant difference in total 
viable eggs hatching between the SWP3, SWP4 and 
SWP5 populations (x 2 = 3.19, rf/=2, P>0.1). The 
LTER Playa population had a significantly lower num- 
ber of eggs hatch, however, when compared to the three 
puddle populations (x 2 = 8 1-9 , df= 3 , /> <0.00 1 ). 
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Eihogram 

The major types of behaviors observed in initial obser- 
vations are listed and described in Table 2. Behav- 
ioral categories have been broken down into those 
common to both reproductive forms, those specific 
to hermaphrodites, and those specific to males. 

Clam shrimp time budget 

Tanks were scanned over a period of 1 1 days for a 
total of 7 hours and 33 minutes of observations. Time 
budgets were computed for both males (iV= 12) and 
hermaphrodites (JV=28) using the methods outlined 
in Martin & Bateson (1993). These results are sum- 
marized in Fig. 1. No distinction was made between 
feeding and swimming behaviors because the two 
occur simultaneously. These activities were the pri- 
mary behaviors for both sexual forms. 

The reproductive status of the hermaphrodites 
was recorded during each scan. Hermaphrodites were 
gravid 72% of the observation time. Hermaphrodites 
appear to dig burrows and may drop their clutches 
underground. On several occasions, males were seen 
entering burrows, but I never saw males digging their 
own. In six instances, males were seen clasping gravid 
hermaphrodites just prior to egg laying. This may be a 
form of pre-mate guarding. 

Mortality rates were calculated for both the scan 
tanks and the control tanks. There was no difference in 
mortality rates between the two tank types (x 2 = 1.28, 
df- 1, P>0.2). Pooling all tanks, male mortality was 
higher than that of hermaphrodites (x 2 = 4.51, df- 1, 
/><0.05), especially starting on day 8 of life (Fig. 2). 
On average, hermaphrodites lived 50% longer than 
males. Each population was initially set up with a 3:7 
ratio of males to hermaphrodites. By the end of the 
observations, there was a 1:4 ratio in each of the scan 
tanks. Pennak (1989) reported that Eubranchiopoda 
males typically die within an hour after outcrossing. 
This was not true for E. texana and probably not for 
other Eubranchiopoda as well (Belk, pers. comm.). 

Clam shrimp mating behavior 

During focal animal studies (Af=178 groups), out- 
crossing occurred 95 times (53%), selfing occurred 
20 times (1 1 %) and no fertilization was evident either 
due to selfing or to outcrossing in 63 of the observa- 
tions (35%) (Fig. 3). In 46 of these cases, no con- 
tact was seen between the male and the hermaphrodite 



during the two hour observation period. In all oth- 
er cases, the male periodically clasped the carapace 
of a non-gravid hermaphrodite for several seconds at 
a time (first clasping by males; Jc=8±l0.2 min after 
isolation; range 0-35 min; JV=132). Whenever the 
hermaphrodite struggled, the male released his hold 
and outcrossing did not occur {N~ 37). At other times 
the hermaphrodite did not struggle when clasped by 
the male, but instead, passively allowed the male to 
push it around the cup (W=95). The hermaphrodite's 
legs would continue to beat, suggesting active feeding, 
but it's antennae would remain motionless, suggesting 
that the male was providing all active locomotion for 
the pair (for definitions of 'swimming' and 'feeding' 
see Table 1). This behavior was always a precursor to 
outcrossing. The average pre-outcrossing clasp time 
for these observations was 27±36.8 min (range=2- 
120 min; N= 95). Near the end of the clasping period, 
the male forced much of his lower body up into the 
hermaphrodite's carapace by the ovaries and began to 
make thrusting movements with the posterior portion 
of his abdomen (j?=26±l0.4 thrusts; range = 15 — 4 1 
thrusts; counts made for 52 observations). In all cases 
(N= 95), the eggs moved out of the ovary and up into 
the brood chamber while the male was thrusting, sug- 
gesting that this is when sperm transfer and fertilization 
occur. As soon as the eggs entered the brood chamber, 
the male released the hermaphrodite and outcrossing 
was assumed to have occurred. Male thrusting and egg 
movement are both visible under the microscope. In 94 
of the outcrossings, hermaphrodite molting occurred 
prior to fertilization, (x molting = 1 1±5.8 min prior to 
fertilization; range* 6-20 min; W=94). In the 95th 
outcrossing, no molting was seen during the obser- 
vation but the clasping male began to thrust into the 
hermaphrodite's carapace anyway and egg movement 
still followed. 

In the 20 observations in which selfing occurred, 
the males performed periodic clasping of the 
hermaphrodite's carapace for several seconds at a time 
but the hermaphrodites always struggled and the males 
never clasped the hermaphrodites for extended periods 
of time (>1 min). Prior to selfing. the hermaphrodite 
lay motionless on the substrate for up to several hours 
(Jc=653±34.6 min; range- 13-120+ min; N=20). 
Molting occurred on average 12.1 ±4.9 minutes pri- 
or to selfing (range =2-22 min; AT =20) and then the 
eggs moved into the brood chamber. No male ever 
attempted to clasp these hermaphrodites after they had 
molted. 
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Table 2, Elhogram based upon observations of laboratory populations of the clam shrimp Eulimnadia lexanct 



Behavior 



Description 



Behaviors performed by both hermaphrodites and males; 

Feeding Clam shrimp are filter feeders. Rapid beating of the legs creates a current pulling microscopic 

particles toward the clam shrimp. Clam shrimp feed almost constantly. 
Lying on Bottom Lying on the substrate at the bottom of the tank. The legs may or may not be still. 

Molting Process of shedding old exoskeleton. 

Out of View Individual clam shrimp not visible. Possibly burned in the substrate. 

Struggling Rapid movements of the body in an attempt to disengage a clasping male. 

Swimming Locomotion around tank using antennae. It Is difficult to distinguish this behavior from feeding 

behavior because the two may occur simultaneously. 
Hermaphrodite-only behaviors; 



Digging 

Dropping a clutch 
Male only behaviors: 
Aggressive interaction 

Clasping 



Tagging Along 

Takeover 

Thrusting 



Performed by gravid hermaphrodites only. The gravid hermaphrodite will dig in the substrate at 
the bottom of the tank, A hermaphrodite may dig continuously for up to several hours. 
Release of the eggs from the brood chamber. This may occur In the substrate after digging. 

An interaction between a male clasping a hermaphrodite and another male attempting to interfere 
with the pair. These interactions involve bodily contact between males, such as pushing. 
Male clasps the carapace of another clam shrimp with the first two pair of thoracic appendages. 
Outcrossing is always preceded by this behavior. Males also clasp other males, as well as gravid 
or unreceptive hermaphrodites at times. 

One male is clasped to a hermaphrodite and another male clasps onto him forming a 'train'. 
A male takes a hermaphrodite away from another male as a result of an aggressive interaction. 
Male clasped to a hermaphrodite forces the lower portion of his body up into the hermaphrodite's 
carapace near the paired ovaries and makes pulsating motions. Sperm transfer is assumed to be 
taking place. 
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Fig. L Behavioral time budget for an androdioecioiis clam shrimp Eulimnadia texana. The bars indicate the average frequency of each 
behavior when compared to the total number of behaviors observed. Darker bars represent behaviors performed by hermaphrodites. Lighter 
bars represent behaviors performed by males. 




AGE OF CLAM SHRIMP (days) 

Fig. 2. Comparison of hermaphrodite and male mortality rates for laboratory populations of the clam shrimp. Eulirmadia rejctma. Populations 
were established when the clam shrimp were 5 days of age. N= 130 clam shrimp from 10 experimental and 3 control tanks. See text for 
explanation. The dark bars represent the percentage of hermaphrodites surviving each day (/V=9i); light bars represent surviving males 
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Fig- 3. Frequency of outcrossing, selfing, and lack of fertilization during two hour focal animal observatioas of pairs or trios of clam shrimp 
Eutimnadia texana. N= 178 groups. 
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After fertilization occurred (either due to selfing 
or outcrossing), males were returned to rearing tanks 
while the hermaphrodites were kepi in isolation so that 
eggs could be collected. Eggs remained in the brood 
chamber for approximately 24 hours. Hermaphrodites 
were returned to the rearing tanks after they dropped 
their eggs. On one occasion, a hermaphrodite was seen 
dropping its clutch and then selfing another clutch with- 
in one hour. 



Discussion 

Sex ratios 

The majority of Conchostracan species have a 50:50 
sex ratio between males and females (Sassaman, 1989). 
The skewed sex ratio of E. texana can be attribut- 
ed to the nature of sex determination for this system. 
Comparisons of sex ratios for thirteen £. texana pop- 
ulations across the United States showed an average 
sex ratio of approximately 75-S0% hermaphrodites, 
20-25% males (Sassaman, 1989). The sex ratio in 
the LTER playa is fairly characteristic for the species. 
One population, SWP3, was entirely hermaphroditic. 
The percentage of males within the SWP4 and SWP5 
populations (40-42% respectively) are somewhat high 
when compared to the range of sex ratios in popula- 
tions examined by Sassaman (ranges 0-35% males) 
(Sassaman, 1989). 

Population genetics modeling of the E. lexana 
breeding system has suggested that the costs associ- 
ated with sexual reproduction would make the gradual 
elimination of males a natural occurrence if some type 
of inbreeding depression were not present to offset 
die benefits of selfing (Otto et al % 1993). Sassaman 
(1989) reported probable all-hermaphrodite popula- 
tions of E, texana in Florida and Texas. What makes 
the observed absence of males in SWP3 surprising, 
however, is the close proximity (35 m) of this popu- 
lation to other male-containing populations. Eggs of 
£. texana have a diameter of 220 \i (Belk, 1989) and 
could be dispersed by wind action or on the feet of 
cattle and birds that drink from the three small neigh- 
boring populations. If hermaphrodites bury their eggs 
within burrows, however, as current observations sug- 
gest, these mechanisms of dispersal may be limited 
in effectiveness. Other factors which maintain males 
within some of these £. texana populations and seem- 
ingly inhibit gene flow between these populations are 
as yet unknown. 
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The number of viable eggs hatching from the LTER 
playa population were significantly less than those 
hatching from the three SWP populations. Data are 
unavailable on the length of time E. texana eggs can 
remain viable in the field, but in general the population 
densities of all of the species living within the LTER 
Playa appear to decrease with an increase in length of 
time between floodings (MacKay et aL, 1990). The 
LTER Playa has not seen a significant flood in ten 
years (October, 1984) and this may account for lower 
hatch rates from this soil when compared to the sam- 
ples taken from the other three populations. The SWP 
populations typically flood at least once every year 
and were flooded during the summers of 1992 and 
1993 (pers. obs.). Also the LTER Playa clam shrimp 
share the playa with other ephemeral shrimp. These 
species may provide competition for food resources or 
predation pressures which lower £. texana population 
densities. Such pressures would be absent from the 
SWP populations because no other ephemeral shrimp 
live within these sites. The bare mud substrates of the 
SWP sites may also be better suited for clam shrimp 
burrowing and egg laying than the vegetated LTER 
Playa substrate. 

The tadpole shrimp Triops longkaudatus also 
hatched within the LTER Playa rearing tanks. Pre- 
vious research had suggested that the tadpole shrimp, 
T. longkaudatus only feeds on dead prey (Medland, 
1989; MacKay et aL , 1990; Weeks, 1990; Loring, pers. 
comm.). This conflicts with the behavior of T. long- 
kaudatus, in our laboratory where they were avid 
predators; thus all tadpole shrimp were removed from 
rearing tanks to avoid predation. When tadpole shrimp 
had been left within a tank, they ate all of the clam 
shrimp within a matter of days. Similar predation by 
T. longkaudatus has been reported for other laboratory 
populations of E. texana (Sassaman & Weeks, 1993). 
This may not occur as often in the field because T. long- 
icaudatus typically remain near the bottom of a playa 
while E. texana remains around the periphery (Med- 
land, 1989; pers. obs.). Tank size constraints in the 
laboratory may make contact between the two species 
more common and thus predation more prevalent. 

Behavioral observations 

This study supports several predictions of a recent pop- 
ulation genetics model designed to study the relative 
costs of outcrossing and selfing (Otto et aL, 1993). 
One prediction of the model is that male mortality rates 
will be higher than hermaphrodite mortality rates. High 
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male mortality rates relative to hermaphrodites with- 
in this study along with earlier field reports (Strenth, 
1977) and general laboratory observations (Sassaman 
& Weeks, 1 993) support this prediction. Secondly, Otto 
et uL (1993) predict that, unless inbreeding depres- 
sion is quite high, levels of outcrossing must be high 
when males are present. In support of this prediction, 
although selfing was seen during these observations, 
it was comparatively rare (11%) compared to out- 
crossing (53% of observations). The close proximity 
of males and hermaphrodites in this artificial situation 
may, however, have contributed to the high level of out- 
crossing observed. The model also predicts that when 
males are absent, large numbers of eggs will go unfer- 
tilized. The current study found that hermaphrodites 
are gravid for a large percentage of their mature life 
span (72%) even as male numbers dwindle in the pop- 
ulation. In order for the predictions to be correct, many 
of these selfed eggs must be infertile. Future studies 
should be designed to ascertain the relative fecundity 
of selfed versus outcrossed clutches. 

During the instantaneous scan sampling, hermaphro- 
dites were never seen dropping their clutches but there 
is some suggestion that they may deposit clutches with- 
in the burrows they dig. On several occasions during 
the initial observations, gravid hermaphrodites were 
seen digging a burrow and then emerging from it with- 
out their clutch. Non- gravid hermaphrodites and males 
were never seen digging burrows. During the focal ani- 
mal observations, no substrate was provided so that all 
interactions between the clam shrimp would be visible 
and eggs could be collected. Absence of a substrate pre- 
cluded observations of any digging behavior During 
the scan sample observations, males were seen entering 
burrows. If hermaphrodites drop their clutch within a 
burrow, it seems likely that males might enter burrows 
in search of non-gravid hermaphrodites to mate guard 
prior to the hermaphrodites, next clutch. 

Outcrossing behavior 

This study provides the first detailed documentation 
of the sequence of events associated with outcrossing 
for E. texana. Molting appears to be necessary before 
fertilization is possible. This is a common occurrence 
in crustaceans (Ward. 1983). In many crustaceans, the 
correlation between molting and fertilization has lim- 
ited the receptivity period of females and it has been 
suggested that this may lead to male/male competition 
for mates and mate guarding (Elwood et ai, 1987; 
Anstensrud, 1992), The male's clasping and swim- 



ming with the hermaphrodite for extended periods sug- 
gests that precopulatory mate guarding exists within 
this species. Male clasping of gravid hermaphrodites 
provides further evidence for the occurrence of pre- 
copulatory mate guarding. In studies of other small 
crustacean species, mate guarding carries a variety of 
costs including high energy requirements, an increase 
in susceptibility to predation, and loss of time that 
could be spent searching for other females (Elwood & 
Dick, 1 990). There may be similar costs related to mate 
guarding in E. texana, particularly relating to increases 
in energy demands since males push hermaphrodites 
around and fight off od\er males (see Knoll & Zucker, 
1994). 

The E. texana mating system provides an ide- 
al opportunity to study the relative costs of sex and 
selfing. It is well known that outcrossing incurs the 
costs of sex. The maintenance of males in most 
populations of this species suggests that there must 
be costs to selfing as well. My observations sug- 
gest that the hermaphrodite can control the mode 
of fertilization (selfing vs outcrossing). Outcrossing 
was never observed between a male and a struggling 
hermaphrodite. There were instances in which the 
struggling hermaphrodite was much smaller than the 
clasping male and could not have physically forced 
him to release his grasp (pers. obs.). Instead, it 
appeared that males released the hermaphrodite upon 
its struggling. My results also suggest that there 
are time costs incurred by hermaphrodites that self. 
Once a hermaphrodite let a male clasp for more 
than one minute, it was committed to outcrossing 
which occurred an average of 27 minutes later. A 
hermaphrodite that selfed, however, remained motion- 
less an average of 65 minutes prior to fertilization. 
Thus outcrossing occurred in less than half the time on 
average than selfing. 

During careful examination of mating behavior, I 
failed to observe any indication of a spermatophore- 
type structure being transferred to the hermaphrodite. 
A previous study suggested that males transfer such 
a spermatophore-like package to the eleventh tho- 
racic segment of the hermaphrodite during outcross- 
ing (Strenth, 1977). If sperm were transferred in a 
spermatophore-like form, it may have been too small 
to be visible during these observations. 

The unique mating system of Eulimnadia texana 
and its close relatives provides the potential for ans wer- 
ing many intriguing questions on the evolution of sex. 
Toward that end, this contribution provides the first 
detailed description of the behavior of these organisms 
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v/ith an emphasis on mating activities. Many questions 
about the reproductive behavior and physiology of this 
species remain to be answered. 
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Abstract 

Experiments were performed to document the existence of intersexual or intrasexual selection in the clam shrimp, 
Eulimnadia texana. Individuals within this species are either males or hermaphrodites. Hermaphrodites can self their 
own eggs or outcross with a male, but they cannot outcross with other hermaphrodites. Theoretical considerations 
suggest that both intrasexual and intersexual selection could be occurring on the pari of the hermaphrodites and 
the males. When males were given a choice between two non-gravid hermaphrodites of different sizes, they did 
not exhibit a mating preference based upon size, When two males of different sizes were isolated with a single 
nongravid receptive hermaphrodite, the hermaphrodite showed no preference between the two males. There was 
evidence, however, of male-male competition for receptive hermaphrodites and of mate guarding on the part of the 
males. During aggressive encounters between two males, the larger of the two had a significant advantage over the 
smaller, and larger males were always the victors when hermaphrodite takeovers occurred as a result of male-male 
conflict Hermaphrodites appear to control the mating process both by struggling with males when they are not 
receptive to them and by seifing in the presence of males. This suggests that hermaphrodites withhold receptivity 
cues from males, Or produce non-receptivity cues, when they are going to self. Though hermaphrodites do not 
appear to select males based upon size, they may make a selection between seifing and outcrossing by controlling 
the use of receptivity signals. 



Introduction 

Individual clam shrimp Eulimnadia texana (Crustacea: 
Conchostraca) are either male or hermaphroditic. This 
type of mating system is known as androdioecy, a 
rare condition in animals (Sassaman & Weeks, 1993). 
Hermaphrodites are capable of seifing their own eggs 
or outcrossing with a male, but they cannot exchange 
sperm with other hermaphrodites. Based upon what we 
know about the reproductive biology of this species, 
there is the potential that sexual selection is an impor- 
tant evolutionary force within this mating system. A 
case could be made for hermaplirodite-hermaphrodite 
competition (intrascxual selection) and male mate 
choice (intersexual selection), as well as for male-male 
competition (intrasexual selection) and hermaphrodite 
mate choice (intersexual selection). 

The case for hermaphrodite-hermaphrodite com- 
petition: The sex ratio within this species is highly 



skewed in favor of the hermaphrodites (Sassaman, 
1989; Knoll, 1994). This often results in competi- 
tion among members of the common sex for members 
of the rare sex (Emlen & Oring, 1977). TTms, one 
might predict hermaphrodite-hermaphrodite ('female- 
female') competition for males. 

The case for male mate choice: Behavioral obser- 
vations suggest that males practice precopulatory mate 
guarding of hermaphrodites within this species (Knoll, 
1994). Mate choice by the males often occurs in sys- 
tems where mate guarding is present (Parker, 1974; 
Thompson & Manning, 1981; Elwood, ex aL, 1987). 
Sexual selection theory predicts that the sex putting the 
larger investment into reproduction will be the selec- 
tive sex during mating (Trivers, 1972). This is typically 
the female. When male investment in reproduction is 
high, such as in systems where the male aides in off: 
spring rearing or expends large amounts of energy in 
spermatophore production, males have been known to 
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become selective for females (Ridley, 1978; Dews- 
bury, 1982). The energy investment of mate guard- 
ing, as seen in £. texana„ and the risks likely to be 
incurred by this behavior may lead to selectivity on the 
part of the male (Parker, 1974; Hatziolos & Caldwell, 
1983). Hermaphroditic clam shrimp show a significant 
increase in fecundity as they increase in size. Males 
that choose larger hermaphrodites could significantly 
increase their reproductive success. Thus one might 
predict male mate choice of large hermaphrodites. 
Should hermaphrodi te-herrnaphrodi te competition and 
male mate choice both be occurring, clam shrimp 
would exhibit sex role reversal for both intra- and inter- 
sexual selection. This is extremely rare in crustaceans 
(Hatziolos & Caljdwell, 1983). 

The case for male-male competition: There is 
a complication in this system, however, because 
hermaphrodites will self quite readily when males are 
not present and even wh en males are present (Sassaman 
& Weeks, 1993; Knoll, 1994), The hermaphrodites 
remain gravid for much of their life cycle and can self 
within an hour after the previous clutch of eggs have 
been laid (Knoll, 1994). The fact that hermaphrodites 
self and only have short periods when they arc 
apparently receptive to mating may actually change 
the operational sex ratio, or the ratio of fcrtilizablc 
hermaphrodites to sexually active males (Emlen & 
Oring, 1 977), in favor of maJes. This could lead to com- 
petition among males for the 'rare' non-gravid, recep- 
tive hermaphrodites. Fertilization appears to occur 
shortly after molting (Knoll, 1994). Male-male com- 
petition is particularly common in crustaceans largely 
because females are only receptive for short periods of 
time when molting occurs (Ward, 1983; El wood, etal, 
1987; Anstensrud, 1992). In many of these systems, 
mate guarding has emerged as a male competition strat- 
egy rather than part of a male selective strategy (Parker, 
1974). 

The case for hermaphrodite mate choice; TTiere is 
also the possibility thai hermaphrodites exhibit mate 
choice for large males. Since clam shrimp contin- 
ue to grow with age, the larger males are older and 
have thus demonstrated the ability to survive. Fur- 
thermore, clasping males provide locomotion for the 
hermaphrodite (Knoll, 1994); larger males may be bet- 
ter equipped to provide this energy saving service to 
the hermaphrodites. 

This study was designed to explore each of these 
possibilities in E. texana. 



Methods 

Rearing procedure 

Numerous samples of the first 1-2 cm of soil were 
collected from the playa portion of the NSF Long- 
Term Ecological Research site on the New Mexico 
State University College Ranch located at the north- 
ern edge of the Dona Ana Mountains 40 km NNE of 
Las Cruces, Dona Ana County, New Mexico. For a 
description of the site see MacKay, et aL t 1990. Sam- 
ple populations werfc established in the laboratory by 
placing 250 ml soil samples in plastic mouse cages 
(30 cm x J 2 cm x 15 cm) and hydrating them with 4 
liters of aged tap water. The tanks were kept on a 24 
hour light cycle using incandescent bulbs in refl c- 
tors to maintain summer-like temperatures of approx- 
imately 30 °C and were supplemented with tadpole 
food pellets until algal growth was initiated. The clam 
shrimp reached sexual maturity within approximate- 
ly three to five days after hatching at about 3 mm in 
carapace length. In sexually mature hermaphrodites, 
the eggs are visible in paired ovaries located along 
the digestive bract and fertilized clutches are carried 
by the hermaphrodite in a dorsal brood chamber for 
approximately 24 hours prior to being released onto 
the substrate (pers, obs.). There are no visible external 
cues to sexual maturity in the males, but males with 
carapace lengths as small as 3 mm were seen clasping 
hermaphrodites (pers. obs.). Clam shrimp smaller than 
3 mm were not used in observations and individual 
clam shrimp were only used once, 

A test for hermaphrodite intersexual selection arid 
male intrasexual selection 

Two sexually mature males with carapace diameters of 
at least a 0.5 mm difference were placed with a sex- 
ually mature non-gravid hermaphrodite of a random 
size. The trio was measured and then isolated in a plas- 
tic 'dixie' cup containing 125 ml of aged tap water. 
Size and sexual dimorphism were pronounced enough 
that no marking was necessary for individual identi- 
fication. The behavior of the trio was observed and 
detailed records were kept of all interactions between 
the clam shrimp using the focal animal techniques out- 
lined by Altmann (1974). Observations generally last- 
ed for two hours or until fertilization was observed, 
whichever came first. At the end of 2 hours, howev- 
er, if a hermaphrodite and male were engaged in an 
interaction, the observation was extended until fcrtil- 
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ization occurred or ihe interaction eaded. Sperm trans- 
fer and fertilization were assumed to have occurred 
when the clasping male began to thrust his body up 
into the hermaphrodite's carapace and the eggs moved 
from the ovary up into the brood chamber, Selfing 
was assumed to have occurred when the hermaphrodite 
remained motionless on the bottom of the cup and the 
eggs moved into the brood chamber with no interven- 
tion from either of the males. For detailed descriptions 
of both outcrossing and selfing see Knoll (1994). 

A test for male intersexual selection and 
hermaphrodite intrasexual selection 

Two sexually mature non-gravid hermaphrodites with 
carapace diameters of at least a 0.5 mm difference were 
placed wixh a sexually mature male of a random size. 
The trio was measured, isolated and observed in the 
same manner outlined above. Once again, observations 
lasted for two hours or until fertilization occurred in 
one of the two hermaphrodites. The methods for deter- 
mining outcrossing and selfing were also the same. 

Analysis 

For statistical procedures, an a level <0.05 is consid- 
ered significant throughout this study. 



Results 

Hermaphrodite intersexual selection and male 
intrasexual selection 

In the study population, hermaphrodite carapace length 
ranged from 3.0 mm to 7.0 mm and males from 3.0 mm 
to 6,5 mm. The average size difference between the 
pairs of males in this study was ] .45 mm. In 29 
observations (58%), no fertilization occurred and it 
is assumed that the hermaphrodite was not receptive 
for the duration of the observation period. The results 
of the other 21 trials are presented in Fig. 1. The 
larger male outcrossed with the hermaphrodite signif- 
icantly more often (52%) than did the smaller male 
(14%) (x 2 =5.99, £//== 2, / , = O.05). In the observations 
where outcrossing occurred, aggressive interactions 
were evident between the males in 79% of the tri- 
als (for a definition of 'aggressive interactions 1 , see 
Knoll, J 994). These types of encounters only occurred 
when one male was clasping the hermaphrodite and 
the other appoached the pair. In the instances where 
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Fig. L Mating outcome of two mole-one hermaphrodite groups of 
the androdioeciou-s dam shrimp Euliimuidia itxana.. Bars represent 
the frequency of ourcroseing involving each male and selling by 
hermaphrodites (N = 2J). 



the hermaphrodite selfed its eggs (33%), neither male 
ever attempted prolonged clasping (> i min) of the 
hermaphrodite, a requisite for outcrossing (Knoll, 
1994). Aggressive interactions between males were 
not seen in the trios where rhc hermaphrodite selfed. 
There were three instances in which one male guard- 
ed the other male and attempted to outcross with him 
rather than with the hermaphrodite. In all three cases, 
the larger male did the guarding and the smaller male 
initially struggled but was unsuccessful in dislodging 
him. 

Four successful takeovers were seen during the 
course of the observations and in each instance it was 
the larger male that removed the hermaphrodite from 
the smaller male. A takeover is defined as an inci- 
dent in which a male dislodges a clasping male from a 
hermaphrodite and begins to clasp it himself. 

Hermaphrodites struggled with one or both of the 
males in 15 of the 29 observations (52%) in which 
no fertilization took place (for a definition of 'strug- 
gle 1 , see Knoll, 1994). In the other 14 observations, 
there were no interactions between the maies and the 
hermaphrodite. Hermaphrodites were never seen strug- 
gling with one of the males and then outcrossing with 
the other. That is, there was no evidence of any type of 
selection or assessment behavior by the hermaphrodite 
for the two males. 

Male intersexual selection and hermaphrodite 
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MATED INDIVIDUALS 

Fig, 2, Mating outcome of two hermaphrodite-one male groups 
of the androdioecxous clam shrimp EuUmnadia texana. Bars rep* 
resent Lhc frequency of outcrossing and setting involving cadi 
hennaphrodite (N =24). 



intrasexuaL selection 

The average size difference between paired 
hermaphrodites in this study was L38 mm. In 12 
observations (33%)» no fertilization occurred and it 
is assumed that the hermaphrodites were not receptive 
during the two hoar observation period. The results of 
the other 24 observations are presented in Fig. 2. There 
was no significant difference in the outcomes of these 
24 observations (x 2 -5.01; df=3 t />>()- 1). The larger 
hermaphrodite selfed more often (29%) than the small- 
er hermaphrodite (13%), but this was not significant 
(X Z = l-6; df=U P>Q.iy The larger hermaphrodite 
also outcrossed more often (42%) than the smaller 
hennaphrodite (17%), but this too was not significant 
(X 2 =1.86; dfstl, P>0.1). No male was ever seen 
clasping each hermaphrodite in turn and then selecting 
one or the other for outcrossing. 

There were ten observations (42%) in which one 
of the two hermaphrodites selfed and the male did not 
attempt to outcross with either hennaphrodite. There 
was one instance when the male was clasped to the 
smaller hermaphrodite and the larger hermaphrodite 
continually swam near the pair, bumping into them in 
what appeared to be an attempt to interfere with out- 
crossing. The male released the smaller hermaphrodite 
after clasping it for 32 minutes and no outcrossing 
occurred with either hermaphrodite. 



Larger hermaphrodites had their eggs fertilized, 
either through selling or outcrossing, in 71% of the 
observations (Fig. 2, sum of left two bars). This was 
significantly higher than the frequency of egg fertil- 
ization for smaller hermaphrodites (29%) (x 2 = 4.17 1 
df= 1, i><0.05) (Fig. 2, sum of right two bars). 

Discussion 

Large body size in E, texana appears to convey a 
significant advantage to males. Other studies have 
shown that there is a positive correlation between 
body si2e and reproductive success in a wide vari- 
ety of taxa (see Alexander et al, 1979; Trivers, 1985 
for a review). In E. texana, the advantage of larg- 
er body size is attributable to success in male-male 
competition (intrasexual selection) rather than a pref- 
erence by hermaphrodites for larger males (intersex- 
ual selection). There was no detectable difference 
in hermaphrodite behavior toward larger and small- 
er males. Aggressive male interactions in E. tex- 
ana only occurred when one male was clasping the 
hermaphrodite and the other was attempting to inter- 
fere. Since hermaphrodites are only receptive during 
limited periods of time and may choose to self their 
eggs (Knoll, 1994), any advantage a larger male has in 
dislodging other males may translate into a significant 
reproductive advantage for him. Observations indicate 
that precopulatoiy mate guarding occurs in E. Texana 
(Knoll, 1994). If there are costs associated with mate 
guarding, larger males may be better equipped to meet 
these demands. 

Though males practice mate guarding and may 
encounter high reproductive costs during the process 
(Knoll, 1994), it has not led to a male preference 
for larger hermaphrodites. These data are in conflict 
with the findings of similar studies using the amphi- 
pod Gammeras pulex (Elwood, et ai, 1987), the iso- 
pod Asellus aquaticus (Thompson & Manning, 1981) 
and the Stomztopod Pseudosquilta ciliata (Hatziolos & 
Caldwell, 1983). Unlike the stable habitat of these crus- 
taceans, the ephemeral pond habitat of clam shrimp 
provides a highly unpredictable habitat with drying 
possible at any time. Searching for and assessment 
of hermaphrodites may be too costly time-wise in 
such an unpredictable environment, particularly since 
hermaphrodites are only receptive for limited amounts 
of time (Knoll, 1994). Though mating with larg- 
er hermaphrodites would be advantageous to a male 
because he can father significantly more offspring 
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(Knoll & Zucker, 1994), the unpredictability of this 
en vironment may outweigh any advantages that a male 
could obtain from active mate preference. 

The selfing ability of the hermaphrodites compli- 
cates this system. The occurrence of selfing during 
this experiment demonstrates that hermaphrodites will 
self readily despite the presence of a male. Thus non- 
gravid, receptive hermaphrodites may be more rare 
than was initially predicted. The reproductive success 
of a male is largely controlled by the number of times 
he is able to mate (Trivers, 1 972). Males may be forced 
to mate with any available hermaphrodite in order to 
achieve any reproductive success. Field data on the 
actual number of receptive hermaphrodites in the nat- 
ural environment would be very helpful. These stud- 
ies, however, are difficult due to the unpredictability 
of pond filling. The last time the LTER Playa filled 
sufficiently to allow Branchiopod activity was in 1984 
and this playa typically only fills once every three to 
ten years (MacKay, etal, 1990). 

The overall level of selfing in the presence of males 
(17 ocxurrcnces-18% of the observations) was higher 
than expected. In many simultaneously hermaphroditic 
animals, outcrossing is the primary reproductive 
method while selfing is typically used when animals are 
isolated and stored sperm has been used up or become 
too old (Jarne, er aL, 1991 ; Jame, ei al. x 1992; Warn- 
er, 1993). Many of these species live in permanent 
aquatic environments or in environments with stable 
water resources. The unpredictability of E. texcuia's 
water resources may be partially responsible for the 
high frequency of selfing in this species. Waiting for 
the opportunity to outcross with available males could 
be counterproductive when ponds may dry rapidly. 

When selfing occurred, males never approached 
the hermaphrodite. This suggests that males were not 
aware that the hermaphrodite was receptive. Informa- 
tion on the types of cues utilized by hermaphrodites to 
signal receptivity to the male are unavailable. The use 
of pheromones 10 signal receptivity has been report- 
ed in crustaceans (Hazlett, 1970; Tierney & Dun- 
ham, 1982). Receptivity cues in E. texana are prob- 
ably chemical in nature, as well. A chemical cue 
could be either a receptivity or a non-receptivity cue. 
In this study, some males clasped other males for 
prolonged periods of time, but males never clasped 
hermaphrodites for more then a few seconds unless out- 
crossing followed, suggesting that the hermaphrodites 
release a non-receptivity cue. In its absence, clasping 
continues. Since males are generally more rare then 
hermaphrodites (Knoll, 1994), the chance of I male 



randomly clasping onto another would be low. When a 
hermaphrodite is going to self it may not release this 
chemical signal or it may release a chemical signaling 
its lack of receptivity. Release or non-release of a non- 
receptivity signal may be a choice on the part of the 
hermaphrodite between selfing and outcrossing respec- 
tively. If such a 'choice' is made, it can be considered 
an unusual form of mate choice. 

Neither males nor hermaphrodites were ever seen 
performing any type of assessment behavior between 
two individuals that would suggest the occurrence of 
inter&exual selection within this species. This study 
was designed to test for assessment of morphological 
characteristics such as size. If mate assessment occurs 
at a distance using chemical cues, it would not have 
been evident in this siudy. Further studies designed to 
evaluate the role of chemical cues in mate choice are 
underway 

As indicated above, a male would clasp another 
male occasionally for extended periods of time and 
perform what appeared to be mate guarding behavior. 
There seems to be little utility in one male attempt- 
ing to outcross with another male. Gregarious behav- 
ior has also been reported for the copepod Lernaeo* 
cera branchiatis (Anstcnsmd, 1992). Anstensrud sug- 
gested that chemicals given off by juvenile males in 
L. hranchialis may be confused with those given off 
by females in various stages of development. In Gam- 
marus pukx t males were reported to have continued 
precopulatory mate guarding with deceased females 
(Ward, 1983). Little adaptive significance can- be 
attributed to these types of behaviors and they suggest 
that mating cues arc not 100% accurate. The frequency 
of these non-adaptive behaviors is low and it may be 
that the cost of more effective signaling systems would 
override any benefits obtained. 

In summary, male- male competition appears to be 
the only form of sexual selection operating in this pop- 
ulation of the clam shrimp, Eulininadia texana. Never- 
theless, the observation of one hermaphrodite appear- 
ing to interfere with ihc outcrossing attempt of a male 
and smaller hermaphrodite suggests that further stud* 
ies are needed to fully understand this mating system. 
Studies under field conditions or larger laboratory pop- 
ulations which better simulate the natural environment 
should be performed to that end. 
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Abstract 
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individuals. 



Introduction 

The wide variety of mating systems exhibited by both 
animals and plants has intrigued ^"J™ 1 ^ 
gists for decades, for the adaptive value of biparental 
Reproduction (the predominant form) remains unclear 
to some in Ugh. of the ^™ ^ 
tage gained through uniparental reproduc on (Stearns 
199TO As an increased understanding of the b.ology 
of plants and animals reveals ever more variations on 
the theme, the intrigue and the investigation of unusual 
mating systems grow. 

Ephemeral branchiopods represent one group 
attmctingmuchrecentinterest-Notonlyismeregrov^ 

ing evidence of rare mating systems among these 
crustaceans, but many species within this ; group have 
becomeendangered or threatened ^ loss of their fragile 
habitat escalates. The clam shrimp Eulimnadia texana 
is an ideal candidate for study since it is still very abun- 
dantin depressions, cattle tanks and playas throoghou 
Z southwestern U.S. (Sassaman, 1989). It is a smal 
(carapace length to 8 mm, but more typically about 
5 mm) species of clam shrimp (family L.mnad,idae. 
order Conchostraca) that is readily reared in the labo- 
ratory. Furthermore, recent studies suggest it exhibits 
a rare mating system - androdioecy, typified by popu- 
lations composed of males and hermaphrodites. 



A large pedigree study by Sassaman & Weeks 
(1993) found that while some isolated 'females pro- 
duced only 'female' offspring as would be charactens- 
tic of a parthenogenetic system, others produced about 
25% male offspring. Males are found in most popu- 
lations but always in lower proportions than fema es^ 
(Sassaman, 1995). Offspring reared ^ f rom females 
mated to males were either all 'female' or about 50% 
male. The most parsimonious «P^on or these 
findings, according to Sassaman & Weeks (1993), -s 
not a parthenogenetic system, but an androdioecous 
one For E. teZana. Sassaman & Weeks (1993) pro- 
posed that 'females' are instead hermaphrodites wmch 
could either self or outcross with males. Sex was pro- 
posed to be determined by a simple Mendelian locos 
with two alleles, where a dominant allele codes for 
hermaphrodites and recessive alleles for males. tt.us, 
a homozygous dominant hermaplirodite (a mono- 
aenic') would produce only hermaphroditic offspring 
whether selling or outcrossing, while ^etero^ygous 
hermaphrodite (an 'amphigenic') would produce 25% 
sons from selling and 50% sons from outcrossing. 

Here we present corroborative evidence for andro- 
dioecy in E. texana by providing the first anatom- 
ical evidence for the presence of ovotestes m her- 
maphroditic individuals of this species, once thought 
to be females. 



JUL 18 2002 11:39 FR CISTI ICIST 



613 941 4484 TO 17033084516 



P. 04 



172 



Methods 



Samples were obtained from <^ Mt ^* ,™*2 
lected from a depression west of South Well (N 32 
3 1 933'- W 106° 44.933') on the USDA Jornada Exper- 
imentalRange, 25 km north of Las Cruces, Dofia Ana 
County, New Mexico. Soil was hydrated in the lab- 
oratory at about 28 °C under an incandescent lamp. 
Nauplii larvae, which hatched less than 20 hours later, 
were placed singly in 30 ml cups when approximately 
10 hours of age. Larvae were reared on a ^f / east 
solution and fish fry food (Tetra-Min Baby E food). 
Early larval isolation ensured that sectioned individ- 
uals could not have mated and stored sperm prior to 
fixation. 

Sexually mature males (at least 5 days old) were 
readily identified by two pairs of claspers on their ante- 
rior thoracic limbs. All individuals that lacked claspers 
carried eggs in their gonads (readily seen through the 
transparent shell under a dissecting scope or hand lens) 
Most of these individuals also had shelled eggs in their 
brood chamber. 

Sexually mature individuals were placed in fixative 
containing4%paraformaldehydeand2.5%glutaralde- 

hyde in Sorensen's phosphate buffer pH 7.4 with the 
addition of 0.5% dimethylsulfoxide to aid in the pene- 
tration of the fixative. After at least one hour in the 
fixative, the carapace of most individuals was dis- 
serted (to facilitate sectioning) away from the body, 
which was returned to the fixative for an additional 3- 
6 hours. Specimens were washed in buffer for 1 hour 
and transferred to fresh buffer overnight. All samples 
were washed twice in fresh buffer for at least 1 hour 

per wash. ... i 

Samples were dehydrated through a graded ethanol 
• series(35%, 50%,70%,95%)forabout2hoursineaeh 
solution. This was followed with 3 changes in absolute 
ethanol for at least 2 hours per change. The samples 
were infiltrated with a 50:50 mix of Spurr's resin and 
ethanol for 4 hours. The resimethanol was replaced 
with 100% Spurr's overnight The resin was replaced 
with fresh resin and held under vacuum for about 6 
hours. The specimens were placed in aluminum dishes 
with fresh resin and placed in a 70 ° oven for 24 hours. 

Using glass knives, 1-2 /zm longitudinal sections 
were cut in the sagittal plane and stained with 0.1% 
toluidine blue in 1% borax for 30 s on an 80 °C hot 
plate, rinsed with distilled water and covered with a 
coverslip using permount. 



Results 

Ten e^g-laden individuals in various stages of egg- 
development and three male clam shrimp were serially 
sectioned and examined for the presence of testicular 
tissue. The reproductive system in E. texana consists 
of an elongate, lobed gonad lying on each side of the 
digestive tract (Figure 1). Light microscope sections of 
the male gonads reveal a gonadal wall of short round 
cells which stain relatively lightly in toluidine blue. 
Developing spermatozoa move into the lumen of the 
testis from the germ cells of the wall. Mature sperm 
are seen in the lumen (very lightly staining) and are 
ameboid in shape (Figures IE, 2A). The gonads of all 
eae-laden individuals examined exhibited ovarian tis- 
sue in the anterior 4/5 or so of the organ, with tissue 
resembling that of male gonad in the postenor-most 
region (Figures ID, F. 2B, 3A, B). The ovarian por- 
tion of the ovoteslis consists of darkly-staining colum- 
nar cells lining the wall of the gonad (Figures 2B 
3 A B) The lumen of the ovarian portion of the gonad 
is filled either with egg-shell substance (Figure 3 A) or 
with mature eggs surrounded by egg-shell substance 
(Figure 3B), depending upon egg stage. In Figure 3B, 
note that one egg is in the process of being oviposit- 
ed through the gonopore located between the 10 and 
11* thoracic limbs. Several sections of this specimen 
revealed mature sperm in the anterior region of the tes- 
ticular portion of the gonad in close proximity to an 
egg surrounded by egg-shell substance (Figure 3B). In 
specimens devoid of eggs within the lumen, oocytes 
are seen jutting into the hemocoel of the shnmp (Fig- 
ure 3 A) from side branches of the ovotestis. The poste- 
rior portion of the ovotestis exhibits the same lightly- 
staining round cells as seen in the male testis, with 
various stages of developing sperm moving into the 
lumen (Figures IF, 2B, 3A, B). A close-up of the testis 
of a male (Figure 2A) and the posterior (testicular) 
region of a hermaphrodite (Figure 2B) reveals similar 
tissue in each, although many more sperm pack the 
male testis. Since the hermaphrodites were isolated 
while still larvae, these sperm could not be the result 
of storage after an outcrossing. 



Discussion 

The location and general structure of the reproductive 
system and the presence of non-flagellated, ameboid 
sperm in Eulimnadin texana are typical of other bran- 
chiopods so far studied (Wingstrand, 1978; Mamn. 
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1992- Tommasini & Scanabissi Sabelli, 1992). The 
existence of both well-developed ovarian and tesfcu- 
lartissuein the gonads of thesamein^vtdudconfinns 

the genetic evidence of Sassaman & Weeks(1993) that 
individuals once thought to he parthenogeneticaUy- 
reproducing females are. instead, hermaphrodites. The 



presence of several stages of sperm development in 
all egg-bearing individuals examined, as well as the 
simultaneous prince of mature sperm and . eggs i in 
the same individual, strongly supports the idea that 
pure females are not present, and that isolated indmd- 
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tissue of ovotesus; s. sperm, tt, testicular u _ 




JHbBHhP^S!^^--" ^ ' J * . . wa t0 t he posterior portion of the gonad, 

testicular tissue of ovotestis. 



„als that can produce viable offspring do so by selfing 
par^niacanbran^s a.^^ 

conchostracan branchiopods. however, Ww* 
,o reproduce by 

despite the finding by 1ft>T <■ "T'l^ to bW h 
ry hermaphroditism in Lam** •J eM *^,J?.-. mi 

the conchostracan torn"*" ,c ^' c "~"^ toou .h- 
1969), the testicular tissue appears scaaered through 
™.i fte length of the ovotesus in small pocKets^ 
out the len 8° 1 obser ,ed few if any mature sperm 



«™.v allE retana hermaphrodites so far examined 
P o*ess1d a Idl-developed, concentrated I region 

gonad, beyond the 11 mor s ^ ^ 
gonopore » legated No ^ ^ 

some form «^ ^ £M/imnad£fl species 
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known in the well-studied nematode Caenorhabditxs 
Zans (Barker, 1992), and in the barnacle Balanus 
11a J(Gomez, 1975). Androdioecy, however, may 
Z far more pervasive among the «Pods^ d 
perhaps other invertebrates) than is currently recog 
nt^For example, the 

tion with that of Sassaman & Weeks 1W«, F 
vWes strong evidence for this type of mattng system in 
E Texana and Sassaman has data suggesting sumlar 
feprXuve systems in E. antlei and Triops ne W be^ 
Seaman, 19*91). While still assumed to reproduc 

in Limnadia lenticularis (Sassaman, 1995), along wim 

maphroditism in this species, suggests that further 
Sudy may provide evidence of additional examples 
of androdioecy among animals. 
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Se» Ratio: Adaptive Response to Population 
Fluctuations in Pandalid Shrimp 

Abstract. Pandalus jordani is r protandrcus (sequential) hermaphrodite. Popu- 
lations show large year-to-year variation in age composition, in response to this 
variation, individuals alter the age at which they change sex. This response is pre- 
dicted by a genetic model that assumes that an individual shrimp maximizes its ge- 
netic contribution to the next generation. 



In this report we consider the problem 
of how natural selection operates on an 

rganism's ability to either choose its 
sex or to alter the sex ratio among its 
progeny in response to environmental in- 
fluences [environmental sex determina- 
ti n (ESO)J. Trivers and Willard (/) and 
Chewyreuv (2) were among the first to 
realize that some environmental condi- 
tions favor a female's overproducing 
sons or daughters. In the Trivers-Willard 
model, the reproductive success (RS) of 
a son or a daughter is assumed to be 
cl sely related to the physiological con- 
dition of the mother. Applied to mam- 
mals, their model further assumes (i) 
both sons and daughters benefit in terms 

f RS when reared by a mother in good 
physiological condition, although (ii) a 
son benefits more than a daughter. They 
then concluded that natural selection fa- 
vors females in good condition to over- 
produce sons and those in poorer condi- 
ti n to overproduce daughters. Some 
data from mammals may support this 
prediction (/). The key concept is that 

ne sex gains more than the other (in 
terms of RS) when reared by a female in 
good condition. 

This concept has recently been gener- 
alized to include sex expression in her- 
maphrodites and in dioecious species 
(with labile sex) in which an individual 
may become a male or a female depend- 



ing upon the environment in which it 
finds itself tf). Some environmental con- 
ditions favor the RS of males, some that 
of females. Much evidence supports the 
prediction that hermaphrodites alter the 
allocation of resources to either male or 
female function depending on environ- 
mental conditions (i); that evidence has 
been interpreted in terms of why one sex 
benefits relatively more in a particular 
environment. 

We have developed a genetic model 
for ESD in a dioecious species. The 
model makes some precise predictions, 
which we have tested with a protandrous 
hermaphrodite. (The "dioecy" assump- 
tion proves to be unimportant.) 

Suppose that, because of spatial varia- 
tion in food supply, members of a spe- 
cies (with ESD* find themselves at the 
time of breeding divided into big and 
small individuals. Sex is not yet deter- 
mined. The questions of interest arc (i) 
what fraction of the big individuals 
should reproduce as males? and (ii) what 
fraction of the small individuals should 
reproduce as females? In order to an- 
swer these, wc must specify the con- 
sequences, in terms of individual RS, of 
being a male or a female of a given size. 

Let P equal the proportion of breeders 
that are small. Further, let an individual 
which is big and reproducing as a female 
have an egg count of W 2 relative to a 



small individual as a female. Big individ- 
uals reproducing as males will be given a 
fertility f F/, relativ to a small individ- 
ual as a male. 

Consider a v ry large population (of 
size AO with the characteristics that the 
proportion r, of the small individuals re- 
produce as males, while the proportion r z 
of the big individuals are males. If we de- 
fine fitness to be the probability that an 
individual passes its genes to a zygote 
formed during the current breeding sea- 
son 0-7), the fitness of a small individual 
(W s ), who reproduces as a male with 
some other probability (f„ where 
f t ^ T|), may be written as: 

w 1 [ *t | 

N [ Pr x + r 2 W t {\ - P) 

\_rh 



Table 1 . Statistical analysis of Oregon data (14). Correlation coefficients were either the Pearson 
product moment coefficient (r) or the Spearman rank coefficient (r t ). Abbreviation: N.S., not 
sifi 



Relation 


Sample 
size 


Regression 


Correlation 


P 






Area 






First breeders 










(female) 


8 


v = .62 - .54* 


r = -.75 


<05 








r, = -.72 


<05 


Older breeders 










(male) 


13 


v = .3! - .20* 


r = -.84 


<.0I 








r, « -.78 








Area 86 






Kirst breeders 










(female) 


8* 


y » .57 - .29x 


r = -.96 


<.0t 




9t 


y = .44 - .16* 


r = -.75 


<.05 




8* 




r. = -.64 


<.05 


Older breeders 










(male) 


7 


y - .4 - 51x 


r = -.73 


N.S. 
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r = -.38 


N.S. 


•Fit without the point x = 


3.4. j = .14. 


tfit with the point x - 


3.4, y - .14. 
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P{\ -r,)+ W t [\ -/>)(1 -r t ) 
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The fitness of a big individual (W b ) 
who alters the probability (with which it 
reproduces as a male) to f 2 (again 
r % & r,) is similarly defined: 



I / r 2 W t 



M 



- r 2 ) 
F 



) (2) 



If the situation is to be evolutionarily 
stable, it must be that an individual can- 
not increase its own fitness by altering 
the probability with which it becomes a 
male (or a female) away from the respec- 
tive population values (6) (that is, W s and 
W b do not increase as r, and r 2 are al- 
tered from r, and r 2 ). The game now be- 
comes to find r, and r t which satisfy this 
condition. The r, and r 2 we seek are 
those which maximize the product (Af x 
F). Although a formal proof is possible 
(S), we indicate here an intuitive justifi- 
cation for this result. 

First, differentiate Eqs. 1 and 2 with 
respect to r, and f„ respectively. These 
have the form: 



dWJdrt* 



dH 



(3) 
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where H - In M + In F. and 

S W> /d r x =£ (4) 

As an example, consider Eq. 3. If H is 
maximized by setting r, = I, then 
dH/Sr x a 0, which implies that 
dWJdr % a: 0. An individual car* do no 
better than also setting f, = I. The same 
h Ids if r, - 0 maximizes H; here f, 
should be set equal to zero to maximize 
W,. If r, maximizes H by being set equal 
to some value between 0 and 1 (call it 
ri*), dW/dr, « 0. But then dWJdr t « 0, 
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Fig. 1. Pandalus Jordani in northern Califor- 
nia for 12 years, lines are the least-squares re- 
gression with (solid line) and without (dashed 
line) the years 1973 through 1975. 



and selection is indifferent to whether an 
individual is a male or a female (so long 
as the group as a whole achieves r,*). A 
similar argument may be given for r 2 . 

The maximization of Af x F (provided 
Ws > W t ) follows these rules: 



1 -r, 



and 



if V/ a < 



if «/,< 



This solution has the characteristics 
that (i) sex ratio within a size class de- 
pends on the frequency distribution of 
size classes, but (ii) more than 50 percent 
of the small shrimp should be males, 
while more than 50 percent of the big 
shrimp should be females, because fe- 
males gain more RS by being big than 
males do (that is, W t > F/j. This corre- 
sponds to the Trivers-WOlard RS as- 
sumption for mammals. 
„ To test these predictions, we have 
used data from the shrimp Pandalus jor- 
dani* the major commercial shrimp off 
the northwest coast of the United States. 
It is a protandrous hermaphrodite 
(changes from male to female) that 
breeds once a year, in the fall. Most pop- 
ulations are short-lived, with at most 
three breeding age classes <P). The egg 
count of a shrimp reproducing as a fe- 
male is positively related to body size 
(/0). which increases with age. Because 
of large year-to-year variations in survive 
al of the immature shrimp, the fraction of 
the population made up of shriinp breed- 
ing for the first time (small shrimp) varies 
greatly from year to year. Because most 
of the older breeders are second breed- 
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ere, '^&^^mi^^n%f^^m^ 
are present Provided that 
growth and death rates from the age of 
first breeding to the age of second breed- 
ing are not sex-specific (that they do not 
depend upon whether a shrimp breeding 
for th first time acts as a male or a fe- 
male), natural selection should act on in- 
dividual's choice of sex so that it maxi- 
mizes its contribution to the zygotes 
formed in the current breeding season. 
The problem is then the same as the ESD 
problem just outlined; W, and W s are the 
relative fertilities of older shrimp, acting 
as males and females, respectively, and 
P is the fraction of the breeding popu- 
lation made up of first breeders. Being a 
sequential hermaphrodite makes no dif- 
ference because the theory predicts that 
fewer than half of the smaller shrimp 
(first breeders) should be females and 
more than half of the bigger (older) 
shrimp should be females. Thus, the the- 
ory requires only that when the first 
breeders become 1 year older, more of 
them change to fe- 
males. 

For three popula- 
tions of P. jordani, 
we estimated the fol- 
lowing for each of 
several years: (i) the 
fraction of breeders 
that were breeding 
for the first time (age 
1.5 years), (ii) the 
fraction of first 
breeders that were females, and (iii) the 
fraction of older breeders that were 
males. Two data sources reflected the 
differences in the data available from 
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0 1° " 10 " (44) 

Ratio in numbers 
Fig. 3. Pandalus jordani in Oregon [fishing 
area 86 (14)} for 10 years. (A) First breeders. 
(B) Older breeders. 
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Fig. 2. Pandabu jordani in Oregon [fishing 
areas ta^tf*)] for 14 ye^ (A) Fim feted, 
crs. (B) Older breeders. 



California and Oregon. For California, 
we judged the best data that from the fall 
research cruises of the California De- 
partment of Fish and Game. An exten- 
sive sampling program, designed specifi- 
cally to estimate shrimp life history vari- 
ables and abundance, has been carried 
out since 1964. We used estimates de- 
rived from those data from 1964 through 
1975 (there was no cruise in 1976). Since 
the fishery may have suffered from over- 
exploitation in the early 1970's, we did 
the analysis both with and without the 
years 1973 through 1975. For Oregon, 
data were mostly derived from com- 
mercial fishery samples (/# ) (except for a 
few years when the Oregon Department 
of Fish and Wildlife research data were 
available). All data refer to the fall breed- 
ing population (for Oregon, September 
or later, for California, the dates of the 
fall research cruise). We separated year 
classes by examining frequency distribu- 
tions of shrimp length, which were fairly 
distinct in these populations (9, //). 
There are two consistent sources of bias 
in this analysis, (i) Shrimp fishing gear 
tends to select larger shrimp (9). (ii) 
Shrimp at the age of first breeding that 
act as females are slightly larger than 
same-aged shrimp that reproduce as 
males. Likewise, older breeders repro- 
ducing as males tend to be smaller than 
those breeding as females (9, //). These 
sources of bias imply that (i) estimates of 
the ratio (1 - P)/P will be inflated, re- 
flecting the extent t which the respec- 
tive size groups are caught (thus their 
representation in the samples), and (ii) 
estimates of r, and r a should be smaller 
than the true values, reflecting the di£ 
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ferent probabiliti s within an age class of 
being caught. 

However, these biases should not alter 
the gen ral shape of the predicted rela- 
tions. Th hypothesis has three parts, (i) 
If the proportion of first breeders acting 
as females iy variable) is pi tted against 
the ratio (in numbers) of older to first- 
breeders (x variable), we expect a nega- 
tive relation for small x values and no re- 
lation for large x values, (ii) If the pro- 
portion of older breeders acting as males 
is plotted against the ratio of first to older 
breeders, we expect the same shape of 
relation as given in (i). (iii) We expect to 
find some big males and some small fe- 
males only if both of the relations given 
above have some y values at zero. These 
three predictions are a qualitative de- 
scription of Eqs. 5 and 6. 

For California, the proportion of first 
breeders acting as females is negatively 
c rrelated with the ratio of older breed- 
ers to first breeders (Fig. 1). Least- 
squares regression gives the fit y = .60 
- .20* <r = .67, N = 12, P < .05). 
However, recent years (1973 through 
1975) show a relation different from the 
rest of the data. If only data before 1972 
are used, the regression is considerably 
improved (v = .68 - .3.*, r = .87, N = 
9, P < .05). 

Since the usual assumptions of regres- 
sion and correlation are probably vio- 
lated in these data, we also calculated a 
Spearman rank correlation coefficient 
(r,). With all the data, r s = .51, which 
just reaches the .05 significance level 
(N = 12). Again, recalculating r„ without 
the years 1973 through 1975 greatly im- 
proves the fit (r„ = .85, N = 9, P < .01). 
The theory also predicts that no older 
breeding shrimp should be males; none 
were found. 

The two Oregon populations differ 
from the California one in that both show 
years in which some older individuals re- 
produce J as males. The data support our 
hypothesis (Figs. 2 and 3) (Table I). All 
but one regression (for points in the posi- 
tive region) are significant, and, for 
these, the rank correlation is also signifi- 
cant. 

Several other systems may be used to 
further test the model developed here. 
The situation discussed by Trivers and 
Willard (/) is one such case. If P is the 
fraction of the mothers in poor condi- 
ti n, «/, the relative fitnes* of a son of a 
mother in good condition, and IV, th rel- 
ativ fitness of a daughter of a mother in 
good conditi n, the same sex-rati rules 
apply. The same rules may also apply to 
some solitary wasps and bees (2, 12) and 
t various orchids {13). Some orchids are 



sexually labile, with individuals found in 
the bright sunlight mostly reproducing as 
females and those in the shade as males. 
Other organisms with ESD may be 
treated similarly. 
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4. Formal population genetic 
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5-Thio-D-Glucose Selectively Potentiates Hyperthermic 
Killing of Hypoxic Tumor Cells 

Abstract. To investigate the mechanisms by which heat affects cancer cells, we 
used 5-thio- D-glucose, an inhibitor of glycolysis in HeLa S-3 cells, under aerobic and 
hypoxic conditions at temperatures ranging from 37* to 4J°C. Drug alone or heat 
alone killed a minimum number of cells under aerobic or hypoxic conditions. Ex- 
posure to drug and hyperthermia selectively increased the number of cells killed 
under hypoxic conditions at temperatures as low as 40.5°C but had little effect on 
cells incubated under aerobic conditions. These results suggest that the glycolyt: r 
pathway is a primary site of hyperthermic damage leading to cell death. 



It has been claimed repeatedly for 
more than a century that hyperthermia 
(temperatures above 40°C) can have a se- 
lective lethal effect on cancer cells. 
However, only sporadic attempts have 
been made to use these observations 
clinically, partly because of a poor un- 
derstanding of the mechanism of en- 
hanced thermal sensitivity of tumor 
cells, and partly because of the difficulty 
of selectively heating a chosen tumor 
volume at depth. Recently, more conclu- 
sive evidence of the action of heat on 
cancer cells both in vitro and in vivo has 
generated a renewed interest in this sub- 
ject (1). 

In cell culture studies (/), numerous 
cellular factors involved in the. thermal 
response of tumor and normal cells have 
been identified. Thermal sensitivity is 
strongly dependent on such factors as 
cellular growth states, cell cycle phases, 
nutritional status, ambient xygen con- 
centration, and intra- and extracellular 
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pH (2). Of importance to clinical cancer 
therapy is the rinding that hypoxic cells 
are sensitive to heat. Indeed, several lab- 
oratories reported hypoxic cells were for 
more sensitive to heat than cells cultured 
under aerobic conditions, though caution 
must be exercised in interpreting these 
data because the experimental induction 
of hypoxia is invariably associated with 
changes in the nutritional status of cul- 
tured cells, for example, the glucose con- 
centration and extra- and intracellular 
acidity. When tumor cells are cultured at 
42° to 43°C, their respiratory activity, in- 
cluding anaerobic glycolysis, is signifi- 
cantly reduced (?). In contrast, in normal 
cells cultured at the sanv temperature 
the respiratory activity is not as severely 
affected. The importance of anaerobic 
glycolysis in the pathogenesis of the can- 
cer cell was discussed by Warburg (f )• 
His original observation was that when 
both norma) and malignant tissue slices 
were incubated in a medium containing 
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LIFE HISTORY CHARACTERISTICS OF 
UttL nirHBLOPANDALUS LEPTOCERUS 

PANDALVS MONT AG UI AND DI ™™° P *™* 

IN PENOBSCOT BAY, MAINE 

David K. Stevensoup and Fran Pierce* 



ABSTRACT 

■ nt ngfiHalid shrimu from Penobscot Bay. ME, were 
A number of life Ufa* ^^^J^S^SSZ ft* occasions during a hot™ 
mferwd from le.^-fr^ncy ud - lfl ^ ^ "^^ntial hermaphrodite. Sex transit™ occurs 
trawl survey in 1980-81. ftm&te observed in late M«ch.Mc,t individuals change 

throughout the year, but most taflrtond J£ ^ a ^ earlier 0 r a year later. Onerous 
sex shortly before or after >«chu« h £*°™j°Zy. are apparently produced during th« sec 
famales were observed from late November ^f^^' ^ ^ght in the faU of 1980 * ere females 
ond, third, and four* years. Frfteen Pj-^J^SKft. «rtal and summer and negligible m 
which .«* -em fancied «« ^^^f^eta^- than females which changed » . 
the late faU and winter. Females ^^fS^Sta Ovigerous females were collected primarily m 
. ye ar later. D^topandoto kptoHW n. ««™SdS efflfduring their first and second years, but 
U» Nown4««d early D«*mW. ^ *^ P ^^ t ^ tW. »l» 
m0B tdoso only during their second year ^^f^e^aug ^ ^ rf ^ 

(nan age 2; a few large males renamed in ^jj*^^ which was attributed to differences in 



The Pandalidae are a f amily of ta-d. «J«e* 

shrimp composed of 2 genera and about 20 bp**** 

Four specie* v n^wwJaZ-us lept/userus) are 
pnpotffl* ^ Gulf of Maine 

T^°\ZT^ltZ pi<yrealis is the largest, 

1930s (Scattergjo , exploited 

^tore ok. ^^t^tof North America, In 
. commercially on the west co»i, w wes t coast 

the Canadian Maritime Provinces orr *r £* c 
of Greenland, in the Norwegian and North 
in the northwest Pacific (Balsiger 1981). _ 
Partus ^ta^ua and D ^^.^^ 
species (maximum length 10 cm or 4 
hLvested incidentally with F. boreal* m the Gulf of 

of Marine Resources, West Boothbay Ha, 

Ernsts t sawoft mX Dc ^ 

jwavt of Marine Resources, Augusta. 



Maine but have little or no market value because of 

incidental species in the Gulf of !St 
(Balsiger 1981), and for «ea^^ctof 
several localized commercial beam trawl ™ 
Se TouLm North Sea and in Morecambe 
^rthwest EngWd, until declining stock azes led -to 
£dZ»B of the fisheries in the Thames estuary 
0^*7* Mistakid* 1957) 
K . fVlA iqs;0s and 1960s. Warren (IVJvd) aeec™™ o 

5Sond which « stiU active in the early 1970s. 

Sorth Atlantic from the Arcbc 
. isles and Cape Cod (6«y««» <* ^ "^„™ 

depths > 90 m it is gradually replaced Dy r. 
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Squires (1968) reported that/- towdu - occurred 
together with P. mmta^i in depths < .00 mm the 
Gulf of St Lawrence and southwest f Newfound- 
land, but at depths between 200 and 300 m with a 
smooth detritus bottom and tempers of 4°-6°C, 
only P. bvrealis were caught; * colder temperatures 
( - 1° to 3°C) in this same depth range, P mtmtagui 
were more abundant. Pa***" rwntagm was 
described as a more euryth^mal and curybatbc 
species than P. knob. Of all the pandahds m the 
northwest Atlantic, P. rrumtagui is lie anjy one 
wm^hinhabitscolderArctiewaters^l.5 ^(Squires 

1966). The Atlantic subspecies of P. nun*** has 
been the subject of several biological S luj«* 
(Mistakidis 1957; Allen 1963; Couture and Irudel 
1060a, b). 

Dickelopandalus Isptocerus fe disputed in the 
northwest Atlantic from Newfoundland to North 
Carolina (Rathbun 1929). It has not been reported 
from the northeast Atlantic and is rare in the north- 
ern Pacific (Squires 1966). DO*** » November 1956 
bottom trawl sinTeymNewEn^.^^ ^ 
tocerus was much more widely ^^ted than P. 
mmtagui or P. Wis (Wiglej 1960).^^ 
cftikg lyton. was also found over « ibroad ! depih 
range (33-340 m), but was com**? between 35 and 
145 m and at temperatures (m November) of 

5°-20"C; Wherea, P. Wk***<* f™™* J"™*J 

between 70 and 135 m and at- temperatures of 
6--10-C. DichehpaMus leptoce™ was also col- 
lected in areas where hotto*^™*™^ 

be associated with 
whereas f\ jriA/riCayvui, appeared , f T , 

sediments with relatively low organic content Thus, 
2 appears to have less 

in several ways, D. leptocerus 

restricted JLt requirements than P. 

P. bvrealis). No detailed biological studies of D. I*. 

tocentf have been published. 

The Mains Department at M^J*^"°* 
teted an exploratory botboo 

. biological data were collectefl ^ j^^^uj 
shrintp. The objective of this papf* » * ^^SZI 
portant life history characteriatcs f 
LdD. ^^^PenobscntBay Cthe Bay^ese 
include breeding seasons, female s^es rig* * 
maturity, sex transition, ^ longevity and 
migratory behavior. Aspects of the Mc cycle and 

as functions of tunc of year, aw*h 
within the Bay. 
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METHODS 

The survey was conducted over the course of a 
12-mo period from late November 1980 to early 
October 1981. Samples were collected during five 
distinct periods of time at 19 different stations 
located from Cape Jellison in the northern end of 
Penobscot Bay to Mark Island, a distance of about 37 
km (23 mi) (Pig. 1). Stations were established at 
depths ranging from 12 m (40 ft) to 84 m (280 ft) and 
were located in areas of trawlable bottom, Since a 
primary objective of the survey was to stimulate 
commercial shrimp fishing, no attempt was made to 
randomly Gclcct 3tation locations, depths, or sam- 
pling times. Attempts were made, however, to 
return to each station as often as possible so as to 
determine the seasonal variation in the relative 
abundance of different sexes, reproductive stages, 
and size groups of each species at individual locations 
over the course of the year. Adjacent, well-defined, 
length groups were assumed to reprint successive 
age-groups. 

A total of 45 successful tows (i.e. r tows that were 
not aborted because of bottom obstructions, damage 
to the trawl, or gear malfunction) were made during 
the entire survey. Of these, 37 tows which could hp 
assigned to a specific area, depth range, and sam- 
pling period were selected for data analysis. Area 1 
was defined as the upper Bay, area 2 as west of 
Islesboro, area 3 as south of Islesboro, and area 4 as 
east of Islesboro; depth ranges wp.re defined as 
shallow (12-25 m), moderate (25-50 m), and deep 
(50-85 m) (Table 1). The distributions of sampling ef- 
fort between stations by sampling period, area, and 
depth range are shown in Table 2. No data were 



TABLE 1.— Definitions of coded sampling periods, areas, and 
deptn ranges, 1 960-6 1 Penobscot Bay an rimp survey. 



Sampling 




periods 




1 


20 November-2 December i960 


2 


21-29 January 1961 


3 


24*31 March 1961 


4 


16 July-18 September 1981 


5 


5-6 October 1931 


Areas 




1 


Upper Bay: stations 2, 3, 4, 6, 18 


2 


West of Islesboro: stations 1, 5, 9, 10, 14 " 


3 


South of Islesboro: stations 7, B, 12, 15, 16, 17, 




19 


4 


East of Islesboro: stations 11, 13 


Depth 




ranged 




1 


12-15 m (shallow) 


2 


25-50 m (moderate) 


3 


oU-tib m (deep) 
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Table 2.— Distribution of sampling effort (number 
of tows per station) by sampling period, area, and 
depth range, 1980-81 Penobscot Bay shrimp 
survey,' 



Sampling 
period Area 



Station 


1 


2 


3 


4 


s 


1 


2 


3 


4 


i 


2 3 


1 


2 


1 




6 






9 








9 


3 


1 




1 






2 








2 




4 


1 










1 








1 




5 


1 












1 








1 


6 


1 










1 








1 




7 




1 


1 




1 






3 






3 


B 


1 














1 






1 


9 


1 




1 








2 








1 1 


10 


1 


1 


3 








5 








5 


11 






1 




1 








2 




1 1 


12 




1 












1 






1 


13 




1 














1 




1 


10 




1 












1 






1 


16 




1 


1 




1 






3 






3 


17 




1 












1 






1 


18 




2 
















2 




19 






1 










1 






1 


Totals 


9 


10 


9 


6 


3 


6 


17 


11 


3 


6 


17 14 



'See Table i for definitions of coo eo sampling 
periods, areas, and depth ranges. 



available from stations 2 and 14. Trawling opera- 
tions were limited to the area between Northport 
and Islesboro in the summer of 1931, since Lhe only 
vessel available at that time was not equipped to 
work elsewhere in the Bay. 

The trawl used was a semiballoon shrimp try-net 
with a 7.6 m (25 ft) headrope and 9.5 m (31 ft) foot- 
rope with no rollers; mesh size was Sb mm (IV2 in) in 
the body and 31 mm (IV4 in) in the cod end. The 
trawl was also equipped with a 12.5 mm (Va in) liner. 
The net was rigged on 1,2 m (4 ft) legs with ark 
floats on the headrope and 2/0 chain on the footrope. 
The trawl doors were hardwood, 76 x 41 cm (30 x 
16 in), with iron bracings and a wide shoe. The net 
was fished on a single trawl wire attached to a 30.5 
m (100 ft) wire net bridle. All tows lasted 30 min and 
were made at speeds varying from 1.5 to 2.5 kn. 
Loran bearings were recorded at. the beginning and 
end of each tow, and depth was recorded either as a 
single reading or at the beginning and end of each 
tow. Location and depth could not be determined in 
the summer since the vessel used then did not have 
sonar or navigational equipment Although three dif- 
ferent vessels were used during the course of the 
survey, the gear was identical and was fished the 
same way during the entire survey. 

If catches were small (under 1 kg), the entire catch 
was generally brought to the laboratory and frozen 
for later analysis; otherwise, the catch was sub- 
sampled aboard the vessel In some cases, large 

samples were further subsampled in the laboratory 
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after they were thawed. Inasmuch as was possible, 
all samples and subsamples were randomly selected 
Samples (or subsamples) of 200-900 g were sorted 
(after removing eAlraueuub a Lmt>h") by species ac- 
cording to morphological characteristics described 
by Rathbun (1929). Biological data were compiled for 
a total of 7,259 D. leptocerus and 2,475 P. montagui; 
numbers of P. boreaMs were inadequate for data 
analysis. Each individual shrimp was sexed (male, 
female, or transitional) using external morphological 
characteristics for the genus Pandalms originally 
described by Wollebaek (1908), Berkeley (1930), 
Jagersten (1936), and Leloup (1936) and summarized 
by Mistakidis (1957). The females were further 
grouped as ovigerous or non-ovigerous depending on 
whether or not the cggG had "dropped" and were 
being carried on the pleopods; the non-ovigerous 
females were further subdivided into two groups - 
those which had never carried eggs before and those 
which had -based on the presence or absence of ster- 
nal spines. This characteristic of non-0 vigorous 
females was originally described by McCraiy (1971) 
for three pandalid species {Pandalus borealis, P. 
goniurus, and P. hypsinotius) in Alaska, Stage I 
females were defined as those which had not carried 
eggs before and Stage H femalea as those which had; 
there was no way to distinguish between females 
which had carried eggs only once before and those 
which had carried eggs more than once. Carapace 
lengths were measured between the eye socket and 
posterior dorsal edge of the carapace and recorded to 
the nearest 0,1 mm. 

For each species, the numbers and lengths of 
shrimp in each biological category (sex, with or 
without eggs, Stage I or II) were compiled by sam- 
pling period, geographic area, and depth range. 
Length frequencies were expressed as numbers of 
shrimp per 0.5 mm dorsal carapace length. Since 
nearly all of the samples collected in areas 1-3 were 
also collected in specific depth ranges (Le„ all 6 
samples from area 1 were from shallow waLer, 16/17 
samples from area 2 were from moderate depths, 
and all sample from area 3 were from deep water), 
length frequencies were presented for appropriate 
area/depth combinations. Length-frequency data for 
P. irumto&ii collected in October 1981 were not 
presented since so few individuals were captured- 

RESULTS AND DISCUSSION 

Breeding Seasons and 
Female Sizes (Ages) at Maturity 4 

Nearly all the ovigerous female D. leptocerus were 
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caught in November-December 1980 (Table 3), 
although a few remained in January and March, It 
was therefore apparent that most eggs hatched dur- 
ing a relatively short period of time in late December 
and early January, Although only the larger size 
group was canying eggs (Fig. 2D), the presence of a 



were reported for the same populations as late 
February through April with peak activity in April 
According to Couture and Trade] (1969b), ovigerous 
females were observed in Grand-Riviere, Quebec, 
beginning in July and accounted for tJie greatest 
percentage of the population in October (no samples 



Table 3.— Percent total number 
collected at all locations and 
periods In 1980-81. (Females are 



of male and female Dichatopandalus leptocerus 
depths In Penobscot Bay during five sampling 
categorized by reproductive stage,) , 



11/20-12/2 1/21-1/29 



3/24-3/31 
19B1 



7/16-9/18 10/5-10/6 
1981 1961 Total 



Total males 
Females/Stage I 
Females/Stage II 
Total 


49.7 

32.0 
1.4 


65-3 
33.5 
0.3 


59-4 
37.8 
.1.5 


47.6 

50.2 
2.2 


53,0 

45,3 
1.5 


53:2 

38 .8 
1.5 


non*ovigerous 

females 
Ovigerous females 
Total females 


33-4 
16-8 
50,3 


33.7 
1.0 
34.7 


09.3 
1.3 
40.6 


S2.4 
0.0 
52.4 


46.8 
0.2 
47.0 


40.2 

6.6 
46.8 


Total no. 
Individuals 


2,694 


729 


1,151 


1,107 


1,577 


7,259 



few Stage n non-ovigerous females in roughly the 
same size range (Fig. 2C) indicated that some 
females produced eggs a year earlier as well. It could 
not be determined from the samples collected during 
this study whether the younger females spawned 
earlier or later than the older group. The fact that so 
few Stage II females were captured in the Day at any 
time of year indicated that most of the spawning 
population was made up of first time spawners. 
Ovigerous females were collected at all depths and in 
all areas (Tables 4, 5), but made up a greater percent 
age of the -catch at moderate depths in area 2. 

Nearly all of the ovigerous female P. rmrdtw* 
were collected in November-number and late 
January (Table6); the fact tint 50% of the females in 
late January were stfll ovigerous suggests that eggs 
hatched over a more prolonged period then was true 
for D. leptocerus, possibly from November at least 
through February. Females belonging to Ura North 
Sea P. Trumtagiii populations were reported to carry 
eces primarily between November and February 
(Mistakidis 1957; Allen 1963), although ovigerous 
females were observed from mid-October to April in 
the Thames estuary by MistaHdia. Hatching times 

•Sin,* no internal sexual oWot*ri*tics (such as oocyte develop- 
ment) were examined in this study, the breeding season was defined 
as the period of time when ovigerous females were observedand 
si^b (ago) M maturity aa tho niwB (ages) wb™ fences produce 
era No comparable information for males (La, mating tames or 
S (ages) atmaturity) was available. As used in thur paperjte 
lr«KLo»wM. atria* epe-ldag. th* p*rind of toe between 
spawning and hatching when egg* werB mcubated 



TABLE 4.— Percent total number of male and female Dlchele- 
pandalus leptocerus collected at all depths and times of year 
In four areas in Penobscot Bay during 19bu-Bt. (t-emaies are 



Sex/Stag a 


Area 1 


Area 2 


Area 3 


Area 4 


Total 


Total males 

Females/Staae I 
Females/Slage II 
Total 


54.4 

42.2 
1.0 


49.3 

397 
1.6 


57.4 

36.7 
1.1 


70.6 

26.1 
1.1 


53-0 

36.9 
1.4 


non-ovigerous 
females 


43.2 


41.5 


37.8 


27-2 


40.3 


Ovigerous 
females 
Total females 


2,4 
45.6 


9.2 
pa 7 


4.6 
42.6 


2.2 
29.4 


6,6 
47.0 


Total no. 
Individuals 


1,047 


3,626 


2,419 


92 


7,184 



TABLE 5 -Percent total number of male and female Dlchelo* 
oandalus leptocerus collected in all areas and times of year 
by depth range In Penobscot Bay during iwei. (r*nm.«* 
are categorized by rep roductive stage.) 

Deep 
(50-85 m) Total 





Shdtuw 


Moderate 


Sex/Stage 


(12-26 m) 


(25-50 m) 


Total males 


54.4 


47.7 


Females/Stage I 


41.5 


40.4 
2.0 


Females/Stage II 


1-1 


Total 






non-ovlgerous 


42.6 


42.4 


females 


Ovigerous 


3.0 


9.9 


females 


Total females 


45.6 


52.3 


Total no. 




3,015 


individuals 


812 



60.3 
32.4 
0.9 



53.3 
37.6 
1.4 



33.3 39-0 



fi.4 

39.7 



7,7 
46.7 



?,299 6,126 
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NOV.20-OEC 2 1980 



Maloo 




4JT 



iMan-ovkgerout Females 
N*H63 




Nofi-ovlgerous Fa males 
SlAOft 'I 



Ovlp«roua Fomoio3 



J L 



ao- 

4 0' 
20- 



JAN.21-29 1981 



Males 




Non-ovlgD^aua Fomal«» 




S 6 7 6 B 10 tl 12 13 14 15 16 1? 



CiRAPACF t FNCJTK Imml 



K fl 7 » D I0l1iai3l416t6 17 



CAftAPACE LENGTH (Rim) 

Figure V.-DicheLopowdalw UrptoceraM numerical lenjrth- 
frequency distributions by sex and reproductive stage, 



Table 6,— Percent total number of male, transitional, and female Paadaius mon- 
tagui collected at all locations and depths In Penobscot Bay during five sampling 
periods in 19B0-B1. (Females are categorized by reproductive stage.) ^ 





11/20-12/2 


1/2M/29 


3/24-3/31 


7/16-9/18 


10/5-10/6 


Total 


Sex/Stage 


19B0 


19B1 


1981 


1981 


1981 


Total males 


73,2 


B5.2 


66.4 


37.3 


34.3 




Transltlonals 


0,3 


2.5 


15.4 


5.7 


1.5 


6.9 


Females/Stage I 


7.8 


6.1 


15.9 


50.4 


61-2 
3.0 


18.2 
1.2 


Females/Stage ll 


0.3 


0.0 


0.0 


6.7 


Total 














non-ovigerous 








57.0 


64,2 


19.4 


tarn ales 


8.1 


6.1 


1b,9 


Ovigerous females 


18.4 


6.2 


0.4 


0.0 


0.0 


4.8 


Total females 


26.5 


12.3 


16.2 


57.0 


64.2 


24.2 


Total no. 










67 


2,475 


individuals 


332 


871 


BOO 


405 
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were collected between November and April). A few 
females were still carrying eggs the Mowing June. 
Hatching began in the winter and continued through 
June. Pandalus inonta&ui populations studied in 
Penobscot Bay and Grand-Rivifere spawned primari- 
ly in their second and third years. Females m the 
North Sea, on the other hand, were fully mature dur- 
ing their first year (Mistakidis 1067; Allen 1963), but 
there was no vidence that individual age-groups 
spawned more often there than at Grand-Rivtere or 
in Penobscot Bay. 



At least two age-groups of ovigerous f\ montagiti 
were apparent in the winter samples (Fig. 3C, G), 
whereas only a single age-group of ovigerous D. lep- 
tocerus was observed (Fig. 2D), Length-frequency 
data suggested that older female rnoritagriii (age 
2 + ) spawned before younger females (age 1); 57% of 
the ovigerous females collected in November- 
December were > 15 mm CL (Fig. 3C), whereas only 
30% remained in the same size group in late January 
(Fig. 3G). Sample sizes were much too small, 
however, to clearly indicate how many spawning 
age-groups were present or whether older female*, 
spawned earlier than younger ones. Earlier comple- 
tion of spawning by older females was reported by 
Mistakidis (1957) in the Thames estuary. In 
Penobscot Bay, the relative abundance of ovigerous 
females was higher in moderate and deep waters and 
in areas 2, 3 F and 4 (Tables 5,, 6). 

The capture of a single 10 mm CL ovigerous 
female P, montagui in January (Fig. 3G) indicates 
that a few females mature and reproduce during 
their first year. This shrimp could have started life as 
a female or could have changed sex in the first year 
and therefore never functioned sexually as a male, 
Mistakidis (1957) reported that some 0 age-group 
males in the Thames estuary changed sex and func- 
tioned as females during their first year. Some in- 
dividuals in both the Thames estuary and North- 
umberland began life as females and matured in 
their first year (Mistakidis 1957; Allen 1963). 

Sex Transition 

Unlike most other Pandalid species, the Penobscot 
Bay population of JD. teptoceriis was not her- 
maphroditic. Not a single transitional individual was 
identified in the over 7,000 shrimp which were ex- 
amined. Furthermore, males and females recruited 
to the > 5 mm CL population in October of their first 
year in nearly equal numbers (Fig. 2N f P). The ratio 
of males to females for the entire survey period was 
5S:47 (Table 3). Pandaius mormgwi, on die oilier 
hand, is a protandric (sequential) hermaphrodite. 
Nearly 7% of the 2,475 individuals examined ex- 
hibited external morphological characteristics typical 
of transitional P. bvrealis (Allen 1959). The sex ratio 
was 69% males to 7% transitionals to 24% females 
(Table 6). Although P. Tnmtagui is clearly protan- 
dric, some individuals in Penobscot Bay either begin 
life as females or assume external female character- 
istics by late November of their first year.* These 

^individuals of protandric pandalid shrimp species which begin life 
aa females are referred to as primary females; those which durtge 
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NOV 20- DEC 2 1980 



MARCH 24-31 1981 



N«54 7 




Kecuke S.-Pandalus rrumtatpii numerical length-frequency distribu- 
tions by sex (including IrmisiUunuls) and reproductive sLa^c 



CARAPACE LENGTH (mm) 



females were obvious, as a distinct size-g^oup in the 
November-Decembel- length-frequency data at 6-9 
mm CL (Fig, 3B). At this time, these females made 
up 15% of the newly recruiting 0 age-group. The 
relative abundance of 0 age-group females was 
nnnsirlftrably higher in the North Sea; 29-37% of 
most samples in the Thames (MistaJridis 1957) and 
about 50% in Northumberland (Allen 1963). On the 



sex in their first year following the repression of male sex 
charaoterietioe and nevor function cuj males are called Dccondary 
females; and those which function first as males and then change 
sex are called hermaphroditic females (Mistakidis 1967), Since no 
distinction could be made in this study between the three types of 
female P. irumiagu.\ we have avoided die use of this terminology 
altogether and simply distinguish between individuals which re- 
mained as males during their first year, those which were females 
whwn they were first captured irj No\/<irnb«r-Deaember of their first 
year, and those which apparently changed sex during their first 
winter. 



other hand, only 11.2% of the age-1 P. w/mtag\d col- 
lected in May 1965 in Grand-Rivifere were females 
(Couture and Trudel 1969b). 

Size (Age) at Sex Transition 

Transitional P. montagiri were collected during all 
five sampling periods, but were most abundant in 
late March (Table 6) following the end of the 
breeding period. Sex transition apparently began in 
January, peaked in late March, and continued 
through the summer and early fall, reaching a 
minimum in late November. The rapid decline in the 
relative abundance of males after January 1981 and 
the accompanying increase in females after March 
(Table 6) indicated that shrimp, which functioned as 
males in the previous breeding season and became 
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transition during their third spring (at age 2). Given 



females prior to the subsequent breeding season, 
assumed external femal charactcr-ietics during the 
winter and spring. The appearance of a distinct size- 
group of 9-11 mm CL females in late January (Fig. 
3F) which was not present 2 mo earlier (Fig. 3B), 
suggests that transition was well underway by late 
January. The Iwu size-groups of non-ovigcrous 
females in January and March (Fig. 31) were as- 
eumeri to belonff to the same age-group, the smaller 
females being those which did not function as males 
in their first year (they may have started life as 
females) and the larger females being those which 
were still males in November-December (Fig. 3A). 
Transitional shrimp made up a larger percentage of 
samples collected in moderate and deep waters and 
in areas 3 and 4 (Tables 7, 8)- 

Transition of the younger age-group which was 
first captured in November-December (Fig. 3A) was 
incomplete since a great many shrimp remained as 
males for another entire year before undergoing 

Table 7,— Percent total number of male, transitional, and 
female Pandeius montagui collected at all depths and times 
of year In four areas in FenobsuuL Bay during iseo-ai. 



Gex/etogo 


Area 1 


Area ? 


Am A 3 


Area 4 


Total 


Total males 
Transitlonals 


82,3 
1.8 


63.4 
3.0 


67.1 
11.5 


77.9 
12.3 


66.1 
7.1 

18.6 
1.3 


Females/Stage I 
Females/Stage II 


14.0 
0.0 


25.4 
2.6 


16.6 
0.4 


5.5 
0.0 


Total 
non-ovlgerous 

females 


14.0 


26.0 


17.2. 


5,5 


20.0 


Ovigerous 
fenialed 
Total females 


2.2 
16.1 


S.7 
33.6 


4.2 
214 


4.3 
9.8 


4.7 
24.8 


Total no. 
Indiviaualy 


106 


1,037 


627 


326 


2.376 



Table B.-Percent total number of male, transitional, and 
female Panda I us montagui collected In all areas and times of 
year by depth range In Penobscot Bay during I9bu-8i. 
(Females are categorized by reprodu ctive stage.) 

sruailow Muderate Osqp 
Sex/Stage " (12-26 m) (25-50 m) (50-85 m) Total 

Total males 82.4 61.6 75.3 68.7 

Transitlonals, 1.1 5.8 7.1 5,9 

Females/Stage I 14.2 24.0 10.9 1B-1 

Females/Stage II 0.0 2.7 0.1 i-=> 
Total 

non-ovigerous ft 

females 14.2 26.6 11.1 19.6 

Ovlgerous females 2.3 5.9 6.0 s.b 

Total females 16.5 32.6 17.8 25.4 

individuals 17b 1,013 732 1,921 



the fact that a "Few mal* and transitional shrimp > 15 
mm CL were sampled at various times of year, the 
possibility that a few individuals do not change sex 
until their fourth year (age 3) could not be ruled out. 
Even though the transition of younger (age 1) 
Bhrimp in the spring was incomplete, a siwihlp. 
number of non-ovigerous Stage I shrimp which com- 
pleted transition in their first year were collected in 
March (Fig. SJ). These new females were consider- 
ably larger (by about 2 mm CL) than their male 
counterparts, suggesting that it was the larger, 
faster growing, individuals which underwent transi- 
tion at age 1. Allen (1963) also reported that the 
largest 0 age-group males changed sex first 

Older shrimp which changed sex in their second 
year had uol yet appeared as females in March (Pig. 
3 J), suggesting that sex transition in older shrimp 
was delayed; it may also have been less rapid, par- 
ticularly since growth was considerably reduced 
after the first year. Earlier studies of P, mtrntagui in- 
dicated that sex transition in two locations in the 
North Sea persisted for most or all of the year. 
Mistakidis (1957) noted that sex transition occurred 
from May to December in the Thames estuary 
whereas Allen (1963) collected transitional in- 
dividuals throughout the year in Nurtfiumberland, 
but primarily in June. The timing of minimal sex 
transition in Penobsmt Ray and Northumberland 
was identical (November-December); Allen (1963) 
reported that this was when males were sexually ac- 
tive. Couture and Trudel (iyb9b) reported that most 
; sex transition occurred in October at Grand-Rivifere; 
a few transitionals were ©ol W.ted in July and August 
but none in May and June. Sex transition in the 
North Sea, as reported by Mistakidis (1957) and 
Allen (1963), was accelerated in comparison with 
Penobscot Bay; some individuals changed sex in 
their first year, but most did so in their semnrl year. 
Ages at sex transition at Grand-Rivifere, on the other 
hand, were the same as in Penobscot Bay, ie., some 
in their second year, most in their third year, and 
some in their fourth year. 

Seasonal Changes in Size (Age) Composition 

Two size-groups of male D. teptocerus were ob- 
served in the Penobscot Bay during the winter (Fig. 
2 A, G) and only one in the eummer (Fig. 2K); 
similarly, female length-frequency distributions in 
November-December were bimodal (Fig. 2B), but a 
single size-group was dominant in the summer (Fig. 
2L). Presumably, most of the older (age 2) males 
either die or migrate out of the upper Bay in the 
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spring since the younger ag*.group made up the en- 
tire population in the summer. Most of the females 
apparently spawn once and die after their eggs are 
hatched since very few older females were found in 
the winter. The presence of a few larger males, in 
October (Fig. JJN) suggested that a few survive into 
their third fail and mate twice (or three times if they 
mature during their first year). Further evidence 
that most female mortality occurs following hatching 
while male mortality is delayed until later in the 
spring was indicated by the seasonal changes in 
relative abundance of males and females (Table 3): 
females decreased from 50 to 35% of the population 
between early December and late January while 
males decreased more slowly from 65% in January 
to 48% in the summer. 

Age-2 P, monta^ui which were either in transition 
or were still males in March had mostly become 
females by the summer (although a few transitionals 
and large males still remained). The single large size- 
group of firet-maturing SUtge I females in the sum- 
mer (Fig. 3M) presumably included age-1 females at 
a modal length of 13 mm CL and age-2 females at 
about 15 mm CL. At the same time, there appeared 
to be at least two size-groups of Stage II females in 
July-September (Fig. 3N) which had carried eggs the 
previous winter (Fig. 3C, G). Ovigerous females cap- 
tured in November-December 1980 (Fig. 3Q 
presumably included first-time spawners at 12-15 
mm CL and one or two groups of repeat spawners at 
15-19 mm CL. Excluding the single female at 10 
mm, two or three age-groups of ovigerous females 
were apparent in January (Fig. 8G). As indicated 
earlier, the relative abundance of the different age- 
groups in November-December and January showed 
that repeat spawners may have accounted for a 
larger percentage of the ovigerous females earlier in 
the winter. 

Growth and Longevity 

Male and female D. leptocerus which hatched in the 
winter of 1979-80 reached S.O 8,5 mm CL by Octo- 
ber of their first year (Fig. 2N, P) and grew relative- 
ly slowly during their first winter; by March they had 
reached 7-10 mm CL and the females were slightly 
larger than the males (Fig. 2G, H). This difference in 
s^e-at-age was also discernible in January (Fig. 2E, 
F). Growth was rapid during the spring of the second 
year prior to the beginning of the breeding season: 
males increased about 3 mm in carapace length by 
the summer while females increased by 4 mm (Fig. 
2K, L), The difference in modal lengths between 
males and females had increased further by October 
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(Fig. 2N, P) as growth increased modal carapace 
lengths by an additional 0.5-1.0 mm for both sexes. 
Growth between early October and late November 
when ovigerous females were first sampled was 
negligible; if October 1981. data , can be compared 
with November 1980 data. During this same short 
period of time the relative abundance of the younger, 
newly mtruited, age-group (males and females) in- 
creased dramatically. (A reduction in somatic growth 
can be expected at a time of rapid egg development 
since female growth ceases once their eggs have 
"dropped" and they are unable to molt). This species 
reached a maximum observed size of 19 mm CL (not 
included in compiled length frequencies), but most in- 
dividuals did not exceed 16 mm CL. Unless older in- 
dividuals migrate completely out of Penobscot Bay 
and were therefore not sampled during this survey, 
the maximum lifespan of JD. kpluceruslh the Bay ar> 
pears to be about 2 yr and 9 mo, although the bulk of 
the population apparently survives for only 2 yr. 

The first evidence of newly recruited 0 age-group 
P. rrwritagui was in November-December 1980 (Fig, 
3A, B). Individuals wliich remained as males during 
their second year grew from about 7-9 mm CL in 
November-December of their first year to 8-10 mm 
CL in March (Fig. 3H) and 10-13 mm CL in their sec- 
ond summer (Fig. 3K). As was observed for .D, lep- 
tocerus, the growth rate increased in the spring. 
Age-1 shrimp which became females during their 
second spring reached 10-12 mm CL in March (Fig. 
3 J) and 12-15 mm CL in the summer (Fig. 3M). Com- 
parison of November-December 1980 and January 
1981 daU (Fig. 3C, G) with summer 1981 data sug- 
gested that growth of mature females in the fall was 
negligible; the same was true for the males, The 
maximum observed size was 19.5 mm CL; females as 
large as 17-18 mm CL were collected in the winter 
(Fig. 3C, G). These results suggested that P. 
tagui in Penobscot Bay normally spend 1-2 yr as 
males and as many as 8 yr as females. The maximum 
lifespan is probably 4 yr since shrimp that remain 
males for 2 yr do not complete sex transition until 
their third year and function as females in their third 
and fourth years. 

Growth at Grand-Riviere was sufficiently slower 
that males there were 2-3 mm CL smaller by the end 
of their first year than they were in Penobscot Bay. 
This difference in growth could be a result of lower 
summer bottom temperatures in the Gulf of St 
Lawrence. A temperature range of - 1°C (in May) to 
3°C (in October) was reported in 54 m at Grand- 
Riviere in 1965 (Couture and Trudel 1969a). 
Temperatures recorded in lower Penobscot Bay dur- 
ing the same months of the year at 40-60 m were 
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considerably higher, i,e>, 3°C west of Islesboro in 
May I370 fl and il & -i2°C at various stations in the 
lower Bay in August 1976 7 . In. Penobscot Bay, P. 
m/mtapui were smaller after their first year's growth 
than in the two North Sea locations (Mistakidis 1957; 
Allen 1963) but attained approximately the same size 
by the end of the second year. Males in the Thames 
estuary measured 10 nun average CL by November 
of tbfiir firat year, and in Northumberland (at 40-60 
m depth) they averaged 9.5 mm CL by October, tran- 
sitionals reached 12.5 mm CL by November of their 
second year in both locations as compared with 
11-13.5 mm CL males of the same age in Penobscot 
Bay (Fig. 3A), while females in Northumberland 
reached 14.8 mm CL by November of year 2 as com- 
pared with 13-15 . mm CL at the same age in 
Penobscot Bay (Fig. SC). One-year-old females in 
Northumberland averaged 10.8 mm CL in October. 

Allen's (1963) explanation for this difference be- 
tween male and female lengths-at-age was that 
shrimp which mature as females in their first year do 
so 3-4 wk after, males of the same age-group; since 
growth virtually ceases in the fall and winter, the dif- 
ference in length attained by the females in the first 
year is maintained into the third year of life. In 
Penobscot Bay, on the other hand, very few females 
mature in their first year; however, if males mature 
in their first year (this was not determined) and stop 
growing in the fall before the females, Allen's ex- 
planation might apply. It seems more likely that sex 
transition is a function of sim, not age, and that the 
faster growing 0 age-group shrimp complete sex 
transition in their first year. Another possible ex- 
planation for the difference in size of females which 
change sex in their second and third years is that 
there may be two distinct periods of larval produc- 
tion and/or survival Length-frequency data collected 
at two different periods during the winter (Fig. 3C> 
G) did suggest that older females may have spawned 
earlier than younger females. A 5-yr study of P. 
barmlnx in the Sheepscot River of Maine 8 failed, 
however, to reveal any consistent bimodality in lar- 
val production during February-April even though at 
least two age-groups of ovigerous females are com- 



*Muirhead ( C. R„ and J. H, Wartha 1971. Temperature* 
salinity observations, Penobscot Bay, Maine., 1970, Oper. Data 
Rep, NOS DR-13. U.S. Dep ; Commer.. NCAA, NatJ Orwm Sxw., 
Off. Mar. Surv. Maps, Oeeaiiogr. Div., Descr. Oceanogr. Sect, 
Rockville, MD. 

'Central Maine Power Co., unpublished data, courtesy Richard 
Birge, Environmental Studies Department, CMP, August, ME. 

B Stickney, A. P. Environmental physiology of northern shrimp, 
Pundalus boreal-La. Maine Dep. Mar. Rpsour., West Boothbuy Har- 
bor, ME, AnniL Rep. 1981-82, 15 p. 



monJy observed in commercial catch samples' 1 . We 
contend, therefore, that the most plausible explana- 
tion for differences in the sizes of shrimp which 
become females in their second and third ycara ia a 
difference in growth rates, especially since a similar 
difference in size was observed between male and 
female D, leptocerus in which sex remains, fixed 
throughout life. 

Pandalus montagui which either began life as 
females or became females early in their first year 
were smaller than their male counterparts by 
November-December of their first year (Fig. 3 A r B). 
It therefore seems probable that the smaller Stage I 
(C.5-8.5 umi CL) females capLuxed iii lale Jaumary 
(Pig. 3F) did not grow as rapidly as the larger 
females in the same age-group which apparently 
completed sex transition in late December and early 
January or as shrimp which remained as males for 
the entire year (Fig. 3D). These differences in 
length-at>age between 0 age-group males and both 
groups of females were alsn evident in late March 
(Fig. 3H, J). The accelerated growth rate of 0 age- 
group individuals which changed sex during their 
first year contrasts with the reported faster growth 
of P. mcntagui in the North Sea and at Grand- 
Rivifere which be^an life as females (Allen 1963; 
Couture and Trudel 1969b). 

Winter Migration 

During November December 1980, younger male 
and noivovigerous female D. leptocerus were 
predominant in shallow water in area 1 (Figs. 4A, 
5A) while the older age group predominated in 
deeper water (Figs. 4B, C, 5B, C). By late January, 
the older females were no longer being caught, and 
the older males had disappeared completely from 
depths < 50 m (Fig. 4D, E), but accounted for about 
50% of the males collected in deep water in area 3 
(Fig. 4F). There were older males in areas 2 . and 3 
(moderate and deep water) in March (Fig. 4G, H). 
These results suggested that older male shrimp 
migrated down the Bay into deeper water as the 
winter progressed and as bottom water tempera- 
tures dropped from about 8°C in early December to 
1°C in late February and early March in the upper 
Bay, 10 Their disappearance from the catches, 

B Diodati, P., S. H, • Clark. D. Mclrmes, R. Tichko, and D. 
Sampson, 1983. Gulf of Maine northern shnmp stock status 
-1983TNorthern Shrimp Technical Committee, November 1983, B 

P ' w Birge, R. P. 1982. Surface and bottom water temperatures, 
upper Penobscot Bay, Maine, March 1975 - December 1981 Cen- 
tral Main* Power Co., Erivironmental Studies Deparutieiii, Rcpuj-L 
SI-82-3, 45 p. 
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Figure 4. -Male DictieUipandatus Uptocerus numerical length- 
frequency distributions by area and depth rang©. 
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however, may still have been a result of mortality 
rather than migration* The depth-area length- 
frequency data also revealed that slightly larger 
shrimp of both sexes and age-groups were captured 
in deeper, water farther down the Bay, suggesting 
that larger individuals are more likely to migrate 
than smaller ones. 

Older male P. montagui also migrated down the 
Bay into deeper water during the winter: older age-1 
males were more abundant than younger 0 age- 
group males in areas 2 and 3 (moderate and deep 
water, respectively) in November-December 1980 
(Fig. 6A, Bi C) and by late January nearly all the 
older males weme in deep water in area 3 (Fig, 6D, E, 
F), but were not as abundant as the younger males in 
deep water in area 4 (Fig. 6G). There was no clear 
evidence that the larger males in either age-group 
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Figure 6. -Male Pandalus montagux numerical length-frequency 
distributions by area and depth range. 
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were more frequent in deeper water and not enough 
females were collected during any single sampling 
period to permit an analysis of differential distribu- 
tion of different age-groups by depth. 

Allen (1963) reported an offshore migration of 
age-1 males to deeper water in the spring and sum- 
mer in Northumberland waters; Couture and Trudel 
(1969a) observed the same phenomenon in Grand- 
Rivifere in the summer as the temperature exceeded 
6°C and reported that it was triggered by the onset 
of maturity; earlier maturing males migrated sooner 
than later maturing males, indicating that migration 
was a function of size, not age. Mistakidis (1957) and 
Allen (1963) both reported an offshore migration of 
P. montagui females in the fall; Allen, however, 
reported that the smaller females stay behind to 
spawn in shallow water and that there was no 
"massive" return migration in the spring whereas 
Mistakidis reported a general offshore fall migration 
of females and a return migration in the spring. 
Allen (1963) reported that females in Northumber- 
land which survived to spawn a third time were only 
found in depths > 100 m. 

CONCLUSIONS 

This study of the life histories of Pandalus m&nr 
tagiri and Dichelapandalus leptocerus in Penobscot 
Bay has revealed come notable differences in repro- 
ductive characteristics and (apparently) in longevity 
between the two species. On the other hand, growth 
rates and migratory behavior were similar. 

Most importantly, P. montagui is hermaphroditic; 
jD. leptocerus is not In 1980^81, some transitional P. 
montagui were observed during all five sampling 
periods, but were most common in the early spring*; 
most individuals change sex at the end of their sec- 
ond year but some do so during their first year and a 
few may not eliajige sex until their third year. Some 
individuals apparently begin life as females; 15% of 
the 0 age-group which recruited to trawl catches at 
5-10 mm CL in November-December 1980 were 
females. Ovigerous P. montagui were collected over 
a longer time period, owing, at least in part, to the 
presence of more age-groups in the spawning popula- 
tion. Most 73. Iftpfrwrrvs females spawn during their 
second year, although a few also spawn in their first 
year; ovigerous females were collected primarily in 
late November-early December. Fandalus morUagui 
spend 1-2 yr as males; individuals which undergo sex 
transition in their second year may function as 
"emaJes during their second, third, and fourth years 
/hile those which change sex in their third year may 
only function as females for 2 yr. Judging from the 
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length-frequ ncy data collected during thin study, it 
is unlikely that very many P. mcntagui survive in the 
Bay beyond age 4. No D. leptocerus females older 
than age 2 were caught in the. Bay although some 
males remained, until their .third fall (age, 2 yr and 9 
mo). Conclusions concerning longevity, were com- 
plicated by the. fact that larger individuals of both 
species migrated down the Bay into deeper water, as 
the winter progressed and were not captured and by 
the difficulty of inferring age from length data for 
the larger siao-groupc, porticulorly for A irumtagw. 

Both species were similar with respect to growth 
and migratory behavior. Growth decreased with in- 
creasing age and was seasonal, i.e., rapid in the 
spring and summer of the first year and the spring of 
the second year and negligible in the fall and -winter. 
Males of both species reached 7-9 mm CL. at age 1 
and 11-13 mm CL at age 2. The data suggested that 
early (age 1 j transitional P. -montagui also grow con- 
siderably more rapidly than the remainder of, their 
age group which undergo sex transition at age 2. The 
slowest observed growth rate was for P. montagui 
which apparently begin life as females and therefore 
never undergo sex transition. For D. leptocerus, 
females, grow more rapidly than males and differen- 
tial growth is a "fixed" sexual attribute. For P. rnvnr 
Utgui the fact that the faster growing individuals 
change sex a year earlier and therefore function as 
females for an additional year (assuming that fasfc 
and slow-growing shrimp have identical lifespans) 
means that more rapid growth and early sex transi- 
tion increase the reproductive potential of the 
population, as long as enough males remain in the 
population to mate with the females. Female maturi- 
ty is clearly a function of size, not age. 

The life cycle of P. rftontagui in Penobscot Bay was 
quite different in several respects from the life cycles 
of populations which have been studied in the North 
Sea and at Grand-Riviere, Quebec. PandaLus m- 
tamri populations in two locations in the North Sea 
(Mistakidis 1957; Allen 1963) appeared to grow more 
rapidly in their first year of life than in Penobscot 
Bay and were composed of a considerably greater 
proportion of early maturing females, many of which 
never functioned as males. Growth over the entire 
lifespan was considerably more rapid in Penobscot 
Bay and the North Sea than at Grand-Riviere 
(Couture and Trudel 19G9b), but the relative scarcity 
of females which do not function first as males and 
the delay of most sex transition until the third year 
were common to the Canadian and United States 
populations. In addition to a difference in the timing 
of maximum sex transition from age 2 (Penobscot 
Bay and Grand-Riviere) to age 1 (North Sea), the 
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seasonal intensity of sex.transition was not the same 
in three of the populations. Most transitionals were 
observed in March in Penobscot Bay, in. June in 
Northumberland (Allen 196S), and in Oclxibw at 
Grand-Riviere. (Couture and Trudel ,1969b). Eggs 
were carried by females, in both North Sea locations 
and in Penobscot Bay during the winter (November- 
March); at Grand-Riviere most ovigerous females 
were observed, in October. " . 

In Penobscot Bay and the North Sea, sex transi- 
tion tended to follow the end of the. breeding season, 
whereas in Grand-Riviere, maximum sex transition 
coincided with, the time when most . females were 
carrying eggs (unless sex transition was more com- 
mon later in the fall when no samples were 
collected), suggesting that there was a 12-mo inter- 
val between the . appearance of external female 
characteristics and spawning at Grand-Riviere, and a 
6-9 mo interval in Penobscot Bay and Northumber- 
land. More rapid growth rates in the latter two loca- 
tions would explain the shorter time intervals 
between sex transition and spawning. The reproduc- 
tive cycle in Grand-Riviere was seemingly con- 
tinuous, beginning in July and ending in June 
(Couture and Trudel 1969b). 

Although an offshore migration of larger male 
montapii was observed in Penobscot Bay, Grand- 
Riviere and Northumberland, this migration oc- 
curred in the winter following the end of the spawn- 
ing season in the Bay and in spring and summer, 
orior to spawning,' in the other two locations. Similar 
movements of larger females have been noted in 
both North Sea populations in the fall. Unlike the 
other migrations, the one observed in Penobscot Bay 
was not a spawning migration and may instead have 
been a response oT older sliriinp to declining waiter 
temperatures in the shallower waters of the upper 
Ray The departure of significant numbers of older 
shrimp from the Bay could certainly affect any con- 
clusions concerning the size or age structure ot 
either population and their estimated maximum 
lifespans. 
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